This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

re the Application of 

Takao ABE et al. Group Art Unit: 1765 

Application No.: 09/743,982 Examiner: M.A.Anderson 

Filed: January 18, 2001 Docket No.: 108360 

For: SILICON SINGLE CRYSTAL AND WAFER DOPED WITH GALLIUM AND 
METHOD FOR PRODUCING THEM 

DECLARATION UNDER 37 C.F.R. SI. 132 

Director of the U.S. Patent and Trademark Office 
Washington, D.C. 20231 

Sir: 

I, Takao Abe, a citizen of Japan, hereby declare and state: 

1. I have a doctoral degree in Engineering, conferred upon me by the 
Faculty of Engineering of Hokkaido University in Japan in 1985. 

2. I have been employed by Shin-Etsu Handotai Co., Ltd. since 1964 
and I have had a total of 40 years of work and research experience in dislocated 
and dislocation-free silicon single crystals. The growing mechanism of intrinsic 
point defects and the suppression of point defects by doping nitrogen are 
particular subjects of my research. For these results, the Japan Association of 
Crystal Growth gave me the Paper Award in 1991. The demonstration of 
gallium-doped CZ crystals for solar cell application is one of these results. I have 
also performed research in the field of silicon-on-insulator structures created by 
wafer bonding techniques. These silicon-on-insulator structures are used for 
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advanced ULSI devices. In addition, for mass production, I haye contributed to 
developments regarding the growth of dislocation-free FZ and CZ crystals, as 
opposed to dislocated crystals, and larger diameter FZ and CZ crystals from 10 
mm FZ to 300 mm CZ crystals. Regarding other wafering processes, I developed, 
15 years ago, new surface grinders to create flatter surfaces for bonded 
silicon-on-insulator wafers. These surface grinders are now popular in wafer 
technology. I was also involved in the development of many evaluation and 
characterization processes and equipment. The Solid State Devices and 
Materials (SSDM) Award was given by the Japanese Society of Applied Physics 
for the evaluation work by the technique of photoluminescence in cooperation 
with the public institution in 1992. 

3. I am a member of the Electrochemical Society, the Japanese Society 
of Applied Physics and the Japanese Society of Physics. I was a co-organizer and 
co-chairman of the Silicon Materials Symposium and the Semiconductor Wafer 
Bonding Symposium from 1977 until 2001 in the Electrochemical Society 
Meetings held in the United States. 

4. I have applied for over 80 patents in Japan, and over 40 in the 
United States, of which 10 have been issued, and I have filed more than 200 
other foreign applications. 

5. I have published numerous papers in this field, and applied for 
patents in the United States, Japan and other countries. In total, I have 
published more than 30 research papers in Japanese and more than 60 in 
English. 
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6. Among the papers on which I am Hsted as an author are S. W. 
Glunz et al., 100 cm^ Solar Cells on Czochralski Sihcon with an Efficiency of 
20:2%, Prog. Photovolt Res. AppL 2000, Vol. 8, pp. 237-240 and S.W. Glunz et 
al., Comparison of Boron- and Gallium-doped p-Tvpe Czochralski Silicon for 
Photovoltaic Application , Prog. Photovolt Res. Appl. 1999, Vol. 7, pp. 463-469. 
These papers, written by researchers at the Fraunhofer Institute for Solar 
Energy Systems (Fraunhofer Institut Solare Energiesysteme) (Fraunhofer ISE) 
in Freiberg, Germany, report the results of their independent comprehensive 
testing of solarxell- grade silicon single crystals, supplied by Shin-Etsu Handotai, 
and their conclusions from those tests. My contribution to these papers was the ' 
provision of solar-cell- grade silicon single crystals for testing, comparison and 
independent verification of the properties and unexpected results of the 
invention. 

7. The silicon single crystals tested by the researchers at the 
Fraunhofer ISE were produced by the Czochralski method using a quartz 
crucible, having a large area, and including gallium as the dopant to control 
resistivity. 

8. S.W. Glunz et al., Comparison of Boron- and Gallium-doped p-Tvpe 
Czochralski Silicon for Photovoltaic Application , Prog. Photovolt Res. Appl. 
1999, Vol. 7, pp. 463-469, reports the results of comparative testing by the 
Fraunhofer ISE of gallium-doped quartz-crucible Czochralski silicon single 
crystals, boron-doped quartz-crucible Czochralski silicon single crystals and 
boron-doped Magnetic Czochralski crystals and Floating Zone crystals having 
little or no oxygen content. These results are summarized in Table 1 on page 
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465. Although all of the materials tested had similar conversion efficiencies 
prior to illumination, the gallium-doped quartz-crucible Czochralski silicon 
single crystals were found to have little or no light degradation or loss of 
conversion efficiency, with results comparable to those of boron-doped quartz- 
crucible Czochralski silicon single crystals. Figures 1 and 3 illustrate that, while 
boron-doped quartz-crucible Czochralski silicon single crystals experienced 
significant losses of lifetime and conversion efficiency after light illumination, 
the gallium-doped quartz-crucible Czochralski silicon single crystals maintained 
both lifetime and efficiency. In fact, a record efficiency of 22.5% for a gallium- 
doped quartz-crucible Czochralski silicon single crystal was confirmed. See Prog. 
Photovolt. Res. AppL 1999, Vol. 7, p, 467. 

9. S. W. Glunz et al., 100 cm^ Solar Cells on Czochralski Silicon with 
an Efficiencv of 20-2% . Prog, Photovolt Res. Appl. 2000, Vol. 8, pp. 237-240, 
reports that the Fraunhofer ISE found that the gallium-doped, oxygen- 
contaminated Czochralski silicon single crystal solar cells can be produced 
having high conversion efficiencies, up to 20.2%, and without the lifetime 
degradation found in similarly grown, standard boron-doped Czochralski silicon. 
See Prog. Photovolt. Res. AppL 2000, Vol. 8, p. 237. 

10. I and/or those under my direct supervision and control have 
compared the areas and conversion efficiencies of boron- and gallium-doped 
silicon single crystal solar cells currently known. A graph summarizing this 
comparison, including the source and approximate date of the solar cell's 
development, is attached hereto and discussed in the following paragraphs. 



-4- 



Application No. 09/743,982 

11. The attached graph represents the development over time of siUcon 
single crystal solar cell technology by plotting the cell area in square centimeters 
on the abscissa and the percent conversion efficiency on the ordinate for a 
number of representative solar cells. We have represented boron-doped silicon 
single crystal solar cells by blue dots and gallium-doped silicon single crystal 
solar cells by red dots. 

12. As indicated by the double ended arrows along the ordinate axis, 
laboratory research studies are generally limited to silicon single crystal solar 
cells of less than 25 cm^, and the size range for silicon single crystal solar cells 
being produced today is between 100 cm^ and 150 cm^. In the future, it would be 
desirable to develop large-area solar cells, such as those with areas in the range 
of 225 cm2 and 314 cm^ (as indicated by the arrow along the right side of the 
ordinate), that are not subject to loss of conversion efficiency due to photo- 
degradation. The dashed box in the upper right hand corner of the graph shows 
where the potential for further developments existed, and the red dots therein 
represent sizes and conversion efficiencies that the combination claimed in the 
above-captioned patent application can achieve. 

13. Gallium-doped silicon single crystal solar cells having conversion 
efficiencies of 20-21% and maximum cell areas of 100 cm2 had been achieved by 
way of the presently claimed invention by the end of 1999. 

14. At present, a number of corporations and researchers have 
developed solar cells having larger areas, between 100 cm^ and 150 cm^, but 
these cells, made from boron-doped silicon single crystals, have conversion 
efficiencies in the range of about 13% to about 17%. Of these, Sharp has 
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prepared one of the largest solar cells, a silicon single crystal solar cell having an 
area of 150 cm^ and a conversion efficiency of around 17%. Panasonic has 
demonstrated the ability to prepare solar cells having conversion efficiencies of 
around 16%, in sizes ranging between 100 cm^ and 150 cm^. BP, like Panasonic, 
has prepared a silicon single crystal solar cell having an area of 150 cm^ and a 
conversion efficiency of between 15 and 16%. Shell, like Panasonic, has 
demonstrated the ability to prepare solar cells in sizes ranging between 100 cm2 
and 150 cm^, but having conversion efficiencies only in the range of about 13.5 to 
15%. In addition, because of photo-degradation due to boron-oxygen pairings, 
these solar cells are susceptible to decreasing conversion efficiencies. 

15. None of these boron-doped silicon single crystal solar cells 
approaches the conversion efficiency achieved by the claimed combination of 
producing the crystal according to the Czochralski method using a quartz 
crucible, adding gallium as a dopant that controls resistivity of the crystal, using 
the gallium in an amount that produces a resistivity of 0.1 to 5 Qxm (claims 20, 
22, 24, 27-42, 46 and 48), or a gallium concentration of 5 x 10^^ atoms/cm^ to 

3 X 10^^ atoms/cm^ (claims 21, 44, 47 and 49), forming the single crystal with a 
diameter of four inches or more, and using the single crystal for a solar cell. 

16. Further evidence of the fact that the highest conversion efficiency 
that had been obtained in a large-size Czochralski silicon single crystal solar cell 
was about 17.5%, appears in the attached document, Fraunhofer ISE PV Charts ^ 
Assessment of PV Device Performance. 11^^ (1998), silicon cells 
monocrystalline. The Fraunhofer ISE PV Charts list certified solar cell data 
measured at the Fraunhofer ISE. For each silicon single crystal solar cell tested 
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by Fraunhofer ISE, the chart hsts the measured conversion efficiency at 
standard conditions with the accompanying measurement uncertainty, whether 
the solar cell is a laboratory or production cell, the cell area, the manufacturer 
and remarks, along with some additional properties and data, such as the testing 
date. As discussed in the explanatory section on "How to Read the ISE PV 
Charts," cell area and efficiency are both important factors in evaluating a solar 
cell, since "[l]arge area solar cells tend to show lower efficiencies than small area 
cells of corresponding technology." 

17. A 100.50 cm2 Czochralski silicon single crystal solar cell having a 
conversion efficiency of only about 17.5% is reported as the twenty- seventh entry 
of the "silicon cells monocrystalline" section of the Fraunhofer ISE PV Charts. I 
believe this was a boron-doped solar cell. All of the other about 100 cm^ or larger 
cells had even lower conversion efficiencies. 

18. As noted in the attached chart, the claimed invention has the 
potential to achieve a previously unaccomplished feat: producing a solar cell 
from a silicon single crystal having a high oxygen concentration due to quartz 
crucible dissolution during manufacture by the Czochralski method, a large area 
(such as achieved with the claimed diameter of at least four inches), using 
gallium as the dopant to control resistivity, and capable of having a conversion 
efficiency of over 20% that can be maintained without significant photo- 
degradation. 

19. I hereby declare that all statements made herein of my own 
knowledge are true, and that all statements made on information and belief are 
believed to be true; and further that these statements were made with the 
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knowledge that willful false statements and the like so made are punishable by 
fine and/or imprisonment under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing therefrom. 

Date: p-tl hUCoQu / O j 2.€>0^ T^^-^^^ A^f^f^ 

^ Takao Abe 
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Fraunhofer i^^it^^^ 

Solare Energiesysteme 



The Fraunhofer ISE PV Charts: 

Assessment of PV Device Performance 



CrlJtinn The Fraunhofer ISE PV-Chaits are a 

tailion compilation of certified solar cell data 

measured at the Frauniiofer ISE 
PV Calibration Laboratory. Not only 
world record cells are included in this 
;;^^|" list. It is rather intended to give a sur- 

' ^ '■ '^Jy vey of the state of the art that is re- 

Y; ached at various research- or industrial 

^ ; laboratories/ production lines. There- 

fore, high efficiency cells, but also 
emerging technologies - even of lovi/er 
efficiency - will be listed, if they are of 
general interest. 



INTRODUCTION 

Continously, many new cells based on new 
materials or technological concepts are pre- 
sented by both industry and research institutes. 
Efficiency and power are important factors for 
the assessment of these solar cells. 
The Fraunhofer ISE PV Charts intend to give a 
survey of the state of the art that is reached at 
various research - or industrial laboratories and 
production lines. This service to the PV com- 
munity combines easy comparability of new 
achievements and high precision. 

STRUCTURE OF THE FRAUNHOFER ISE PV- 
CHARTS 

The Fraunhofer ISE PV-Charts have been intro- 
duced at the IEEE PVSC, 1993, and the EC 
PVSEC, 1994. 

They are open - everybody can provide samples 
and measurements are free of charge if the 
agreement for publication is given. 
All samples have been provided directly by the 
corresponding laboratories, After the meas- 
urements have been communicated, these . 
laboratories have given their agreement for 
publication. 

The Fraunhofer ISE PV Charts are also available 
on the World Wide Web at the URL http:// 
www, ise. fhg. de/kallabAA/elcome.html. 
High precision measurements are an important 
prerequisite for device assessment. Even at an 
uncertainty level of only 2% (relative), the 'true' 
efficiency of a high efficiency cell of 24% will 
be anywhere between 23.5% and 24.5%. Of- 
ten, the gain in efficiency as compared to pre- 
vious results may be close to the measurement 
uncertainty rendering high precision measure- 
ments important for assessment. 
Frequent interlab measurement intercompari- 
sons have been used to testify the high meas- 
urement quality of the Fraunhofer ISE PV cali- 
bration laboratory. 



HOW TO READ THE ISE PV CHARTS 

The Fraunhofer ISE PV - Charts are divided into 
sections corresponding to important material 
groups - such as silicon (mono and multlcrys- 
tailine), lll-V materials (such as galHurn- 
arsenide) and other single junction cells (such 
as the thin film materials amorphous sili- 
con/germanium,. cadmium telluride, copper 
indium diselenide). Two more sections repre-' 
sent specialised applications and cell design 
methods, such as concentrator solar cells and 
multijunction solar cells. 

For each terrestrial solar cell we quote the effi- 
ciency at standard conditions (SfC: irradiance 
1000 W/m^ cell test temperature 25**C, light 
spectrum AM 1 .5 global). Data for concentra- 
tor cells deviate from this general rule in that 
efficiences are quoted for operation at the 
spectrum AM 1.5 direct, data for space solar 
cells are given for an irradiance of 1367 W/m 
with a spectral distribution with respect to AM 
0 WRL . Next to the efficiency/ the measure- 
ment uncertainty U95 is given. With 95% con- 
fidence level, the cell's efficiency can be found 
in the inten^al Ti± U95. 

In addition to efficiency, the cell area (A, in 
cm^) is an important factor: Large area solar 
cells tend to show lower efficiencies than small 
area cells of corresponding technology. Labora- 
tory cells (denoted as L) usually are th^ best of 
a small quantity of cells, produced in equip- 
ment optimised to obtain highest efficiencies. 
Production cells (denoted as P) will also origi- 
nate from the upper end of the manufacturers 
efficiency distribution. Nevertheless, the manu- 
facturer will be able to produce 'similiar' cells in 
'high' quantities. 

The short circuit current density (jsc^open cir- 
cuit voltage (Voc),fillfactor (FF) and the date of 
the measurement indicate additional important 
data on the solar cells. . 



»:raunhofer,„rtKut 

Sotirc Enefgi«yneme 



!SE PV-Charts 



Edition 11 Update 1 
Date: Jun26th, 1998 



Tl±U55 

1^1 



Ub. 
Prod. 



A 

lcm»l 



Manufncturer 



Remarks 



JSC 

ImA/cni') 



FF 



Identification 



Date 



<ilirftn cells fnnnncrvstanine 







4.00 




33J*C4 




4.02 


IS£, Frtib'JTB, 0 


2i3tOS 




4.00 


IS£, Frriburg, 0 


a.7.0.4 




4.02 


QE, Frvibu^, D 


?2.7»0.4 




21.10 


$un Powtf, Sonnjpwlt, USA /H 


225 * 0.5 




20.04 


ISE, FfcibufQ, D 


22.0 s 0.4 




4.02 


ISE, Frttburg, D 


31.6 s 0.4 




4.00 


K£. Freiburg, D 


21.5*0.4 




17.70 


Sun Pcw*f, Sunft)^sl«, USA 


3Ms0.4 




21.10 


RC Freiburg. D 


21JS0.4 




4S.70 




21.t«0J 




3.S0 


* 

PSi. ViHtgerw tn 


21.1*0^ 




3.90 


BFH, Fnwnefthat, D 


20.9 s 0.4 




4,00 


ISFK EmrmtKst, 0 


20.8.S0.4 




23.30 


A5L Hcitbronn, D 


20.7 s 0.4 


L 


3.90 


IMEC Uuwn. 8 


20.0 s 0.4 


L 


2.90 


BFH. H«mt1n, 0 


19.4 s 0.4 


P. 


23.40 


A5E. Hdibronn. D 


ISJsOJ 




12.00 


ASE. W«jei, D 


19JsOJ 


I 


4.00 


ANUAamsung AIT AUS/KR 


19.1s 0.5 


L 


4.00 


ANU/Umjung An AUVKR 


18.6*0.4 


. I 


4.10 


BFH. Emmerth*!. D 


18Js05 


L 


3.90 


ISFH. EmnwfM D 


18.4 s 0.4 


I 


25.00 


SSC, Munchcn. 0 


18JsO:4 


I 


21.20 


tU, Freibui«.D 


18J s 05 


L 


25.00 


SSG, MOndwn, 0 


175 s 0.4 




10050 


ASE. Heilbronn, D 


17.1 « OJ 


L 


4.10 


PSI, Villigrn. CH 


17.1 s 0.4 


L 


89.80 


IMECLcuvcrvB 


17.1 «0.4 


I 


4.00 


ISFM. Emmcnhal, 0 


16 J > 0.4 


L 


105.00 


SSC. MOtchsrv D 


16.7 sOJ 


P 


142.90 


BP Solar. E 


16.7 s OJ 


I 


95.10 


IMEC Uuvcrv B 


16.6 s 0.3 


L 


4.00 


LMEAI5P-IHPE. Sm PmiIo, BRA 


16Js0.3 


I 


4.10 


PSI, Villi9M, CH 


15J s 0.3 




97.90 


SSG, MOitdirrt, 0 


.1$.7 t OJ 




4.00 


ISFH, cfnmtfih«l,D 


15.6 sOJ 




9650 


NAPS, Cipoo, SF 


IS J * 0 J 




100.40 


ASE.AInnM.0 


ISJsOJ 




98.50 


BP Solar, UX 


15.1 sOJ 




4.00 


A$E.AUtrwu.D 


14.7 sOJ 




1.C0 


MPt. StuttBart. 0 


145 t OJ 




4.00 


Unrv. Konnanz, D . 


14.4 s OJ 




4.00 


USWlME-IKPE5.P*olo. BRA 


14J * OJ 




100.90 


ASE. Heilbronn. D 


14.1 sOJ 




143.00 


BP Solar. U.IC 


14.0 s 0 J 




68.40 


VIESH. MOKOW, fi 


13.5 » 0.3 




103.00 


8PSoUr.U.K. 


12.4 s 0.3 




143.00 


BP Solar. U.K. 


12JtOJ 




143.00 


BP SoUr; UX 


12.1 s OJ 




67.40 


Saturn, Krasnodar. R 


115sOJ 




1.00 


MPl.Stvmgart,0 


11.2 »0J 




64.90 


Saturn. Krtinodar, R 



PERL- technology 
FZ'Si. LBSFproccu 
F2-5i, L8SF proceu, 2 ARC 
FZ-Si MESC process Irwte 4) 
(or 1996 World Solar CnaDar>0t 

FZ-Si^ LBSF-proceM, cell for ihingtt modules dcsignatad an 

CZ-Si, iBif proceu 

FZ-^ rartdom pyramids, PERC 

cell type powering Hondi'i Dieam solar car. 

IBSF/PERL- techr»olofly, F2 material 

«Rl. technology 

measured at 36'C and corrected to 25*C 
FZ-Si MISn*p 

FZ. ijng;e diff. rar»dom pyramWi, mask evaporation 
FZ.tpacc techn. random pyramidi 
WACKER substrate 

FZ. single dittusien. random pyramids 

a maurial. space production tyP* . 

high effrcieocy technology, buried contaco 

PESC double photph. diff NouZ 

PESC sirvgte phosph. dm. Nott 2 

MlMP ceil, mask free shallow angle ewporatioo 

FZ Si MIS-tL 

FZ-materia) 

FZ. 2ARC no testuriftg 
a>niaterial 

a material (FEW), rM^pp4 ' 

n- type emitter, aril thidu»en 2 15 |im (not* 2) 

Ci-Si. fclcaive emitter, treervprinted contacts 

Truncated pyramid MIS41 

CZ. screen printed BSF ceO 

high efficiency plant Madrid 

Ci W. select screen printed dWfui. and metillisstion 

FZ-Si 

r»- type emtrur. t*« Ihickneo 200 pm (note 2) 

a maurial, 12 kW production. HEPCO 

FZ-mat.. MIS-IU 300 M 0.6 Ohm cm 

CZ tri-grrin materia) (na«e1) 

CZ msterial . 

BSF and ARC 

MIS 

LPE base 16.8 |im 
SIPOS 

rz* SI. BSF, 1.0 Ohm cm 

a-mat. Bayer Solar GmbH, n*p. no intercenn. (note 1) 
coloured LGBG- cell, 'Steel blue' 

6SF, noARC 

coloured LGBG- cell, "goW 
colourid LGBG- celL 'magenta* 
for module type BS55 
LPE base 4.3 pm 

(or modut? type BSSO . - ' 



silicon cell* mijli;icrvstalline 


17.4 s 0.4 




21.20 


ISE. Freiburg. D 


16.9*0.4 




21.20 


tSC.freiburg.0 


16.B * OJ 




31.20 


ISE, Freiburg, D 


165 » OJ 




4.00 


IMEC Lcuven. B 


1».S « 0.4 




90.00 


IMFC Leuv«f\. 8 


165 » OJ 




3.90 


tSFH, Emmerthal, D 


16.4 1 OJ 




98.00 


ASE. Heilbronn, 0 


16.3 * 0 J 




98.10 


IMEC, leuven, 6 


16.2 « OJ 




4.00 


ISE, Freiburg, D 


16.0 a OJ 




3.90 


IMEC Leuven. B 


1S.9 * OJ 




9S.B0 


IMEC Leuvea B 


14.4 s OJ 




25.00 


SSG. Munchen, 0 


13.7 > OJ 




100.20 


ASE Alzenau. D; PiKLINGTON SOLAR INT. 


13.7 «0J 




99.90 


ASE, Heilbronn. D 


13.6 * OJ 




93.20 


IMEC Leuven. B 


13.2 s OJ 




4.O0 


Univ. Koniuns, D 


13.1 sOJ 




100.20 


ASE. Heilbronn. D 


11 J * 0.3 
11.1 tOJ 




4.10 

. 4.00 


MPL Stuttgaa D 













40,8 
41.3 


0.704 
0.700 


81.9 
805 


161 BE/FBI 01 'Sc 


09«6 


43.0 


0.685 


- 81.0 


lS8l5E'FB99-4d 


0W96 


40.5 . 


0.696 


SOJ 


162SC/GCB25C 


09/96 


40.0 


0.681 


83 J . 


.008SPR/9693 


11A6 


40.4 


0.693 


80.4 


ISE205/FB11B-4a 


05/98 


41.8 


0.680 


77J 


t6WE/CB 24.1 


11/96 


39.6 


0.676 


.80.7 


ISE133WAl5.4a 


03/96 


38.8 


0.681 


81J 


SPR3/R2071 


07/93 


38.6 


. 0.692 


80J 


ISEB2/FB274 


10/93 


39J 


0.695 


78.1 


UNW9/H4621 ' 


08/93 


38J 


0.677 


81^ 


PStS/WIOZ-Sc 


04/96 


40.5 


oi6fi 


78.0 


013I5F/AM47/10 


04/97 


395 


0.657 


805 


012|5^AH4401B 


11/96 


39J 


0.648 


805 


ASH2IV3S/2 


02/96 


39.0 


0.668 


79.7 


tMC6/1192SB 


01/93 


36.6 


0.675 


80.9 


ISF1/CH503d 


07/95 


395 


0527 


78.1 ' 


DAHI/Nr.1 


12/93 


37.4 


0.647 


79.8 


AEG9/ 6-13-3 


04/89 


35.3 


0.666 


815 


ANU1/Ca-1 


01/96 


35.5 


0562 


81J 


ANUUECS-1 


OU96 


36 J 


0554 


78.4 


t5F9«llV37-9 


0«« 


39:3 


0515 


76.7 


ISF01&AM54W 


cam 


37J 


05S3 


74.7 


ssGSoncjf? 




35.2 


0.661 


78.7 


ISE127/DJK19-1 


0V96. 


37.6 


0.641 


755 


SSC49nC22 


05/95 


37J 


0512 


76.6 


DAH2/tA 


oam 


31.4 


0.672 


81J 


P513/W8-119CT 


OV94 


36.9 


0521 


74.7 


IMC0t9a7I5 . 


06/98 


3S5 


0539 


755 


ISFSSSIOOIPri 


1Q«5 


35.0 


0.621 


77.0 


SSC059f2 


03/96 


34.6 


0514 


78.6 


8PS1WTC11 


04/94 


33J 


0518 


. 76J 


IMC014/Z623!n 


12/97 


33.2 


. 0.639 


78 J 


. UPM004/N.7-2/LME 


03/W 


29.6 


0577 


81.3 


PSa/W>-20MC 


04m 


33.6 


0514 


76.2 


SSC22/HEPC1-2 


1203 


35.6 


0.595 






08/95 


33.9 


0513 


75.0 


NAP1/TC93 


1VM 


33.1 


0.605 


76 J 


A5A4/AMB01 


11/94 


32.9 


0.605 


76.7 


BP5t2ME9 


1V94 


32J 


0517 


755 


NUK3/KZ169 


ouao 


27 J 


0.659 


82 J 


Mrl7 /9S3 


\vn 


32.6 


0.623 


71.6 


010UNK/5a7174 


12S6 


30.1 


0522 


76.9 


UPMVLME-SM 


ozm 


3U • 




755 


D AH 1 2/F 1 0 1- 1 27 


11/94 


29.7 


0603 


78.5 


BPS 17/8-5 


05/95 


31.1 


0511 




VIS3 /• 


04/93 


30.1 ■ 




75,2 ' 


BPS 13/152 


11/94 




0601 


* 78,2 


' BPS1S/G*13 ' 


05/95 


26,2 ■ 


0.597 


775 


BPS16/M-21 


05/95 


26.7 


0510 


74J 


SAT ions 


07/95 


21.4 


o.ta 


61.1 


MPISMW-S4 


12/92 


24.8 




76.0 


5AT12 


07/95 












34.4 
34.8 


0.637 
0517 


79J 
785 


1761SE/C15-7 
ISE202/CB29-7 


0V97 
03^8 


34J 


0.621 


78.8 


ISE13WDIK19-11 


01/96 


33.5 


0538 


'. 77.4 


IMC9PB1-4 


01/94 


3S.S 


0.613 


75.7 


IMC018/3 


06m 


335 


0.634 


775 


ISF017A4NAM2 


12m 


33.4 


0.622 


79.0 


TFK45/214-34.2 


11/92 


345 


0.674 


7S.9 


IMC016n9 


02/98 


33J 


0.632 


76.8 


ISE57/MCB 3.3 


01/93. 


34.2 


0.604 


775 


IMC5 / FS02 


01/93 


33.3 


0.670 


77J 


IMC 13/2446-03 


07/96 


30.9 


0512 


76.2 


SSC29 / G6S 


03m 


315 


0599 


72.4 


ASA032/810n2 


05m 


29J 


0.605 


77.0 


ASH3rt»*4Cl-1 


11/94 


31.1 


0.595 


735 


. IMC4/- 


01/93 


27.8 


0.611 


77.7 


011UNK/5O7D12 


12m 


285 


0.599 


76.7 


DAH13mia-t47 


11/W 


24J 


0.643 


72.1 


MPI9 / 2GS 


03m 


28.4 


0.538 


72.4 


014UNKn00.4d 


07/97 



EurosoUn. 2ARC oxide patstv. 
Baysix material (Beyer ex Freiberg) 
Beysii, 2ARC M tixturing 
POUX riMterial 

rf» primed contact!, mechanicalty tceturad surface 
Baysix MTSn*^p cell. SiN pattiv., no text 
Baysix material, r»o trrterconnecton (note 1) 
Baysix mat, screen printed contacts 
Baysix material, RO intertonrwaers (note 1) 
EurrsolaTC subcirat* - 
BAYSIX Krcen printed contacts 
Baysix mate<ial 
call recycled from module 
Baysix material rwp. Kreenprintad contacts 
Eurosolare substrate, no interconnacion (nwe 1) 
SlPOS/BaverSOPUN 

Baysix maieriaL no tnterccnnectors (note 1) 

thir> fitm LPE. base 2i6pm 

Bayer RGS maurial 




PATENT APPLICATION 



^1 IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
f 

the Application of 

Takao ABE et al. Group Art Unit: 1 765 

Application No.: 09/743,982 Examiner: M.Anderson 

Filed: January 18, 2001 Docket No.: 108360 

For: SILICON SINGLE CRYSTAL AND WAFER DOPED WITH GALLIUM AND 
METHOD FOR PRODUCING THEM 

DECLARATION UNDER 37 C.F.K. S1.132 

I, Lionel C. Kimerling, a citizen of the United States of America, hereby declare and 

state: 

1 . I have a degree in Electronic Materials which was conferred upon me by the 
Massachusetts Institute of Technology in Cambridge, Massachusetts in 1969. 

2. I have been employed by the Massachusetts Institute of Technology since 1990 
and I have had a total of 35 years of work and research experience in silicon semiconductor 
solar cell technology. 

3. My memberships, publications and other qualifications are accurately 
described in the attached curriculum vitae. 

4. I have reviewed the above-captioned patent application and the current claims 

therein. 

5. I have reviewed J. Minahan et al.. Irradiated Solar Cells Fabricated From 
Gallium-Doped/Boron-Doped FZ and CZ Sihcon (Conf Rec. IEEE Photovoltaic Spec. Conf 
(1982) 16*\ 310-315); Wolf et al., Silicon Processing for the VLSI Era . Vol. 1: Processing 
Technology (Lattice Press, Sunset Beach, CA, USA pp. 1-35, 1986); and U.S. Patent 
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6,147,297 to Wettling et al. I am familiar with the level of skill in the art of silicon single 
crystal solar cells, both now and in 1999. 

6. Prior to publication of Dr. Abe et al.'s invention in 1999, it was generally 
understood among those of ordinary skill in the art that, while large, boron-doped Czochralski 
silicon single crystals having small, generally central, areas of high conversion efficiency 
could be obtained, the overall conversion efficiency of solar cells (i.e., the conversion 
efficiency as defined at page 28 of the above-captioned patent application) made firom doped 
silicon single crystals decreased with increased wafer size, in large part because of the 
increase in oxygen concentration that occurs with increased proximity to the outer portions of 
a Czochralski wafer, due to dissolution into the melt of quartz crucible layers during the 
quartz-crucible Czochralski crystal growth process. As discussed in the explanatory section 
on "How to Read the ISE PV Charts" of Fraunhofer ISE PV Charts: Assessment of PV 
Device Performance. 11**^ ed. (1998), silicon cells monocrystalline, cell area and efficiency 
were both important factors in evaluating a solar cell, since "[l]arge area solar cells tend to 
show lower efficiencies than small area cells of corresponding technology." 

7. It was generally understood at that time that, in order to improve solar cell 
semiconductors, one must move away fi-om silicon single crystal systems to multi-crystalline 
systems, adjust boron content or oxygen content of silicon single crystal systems, or move 
away fi-om the Czochralski process altogether for silicon single crystal systems, toward, for 
example, the Floating Zone process, which involves higher production costs and is process- 
limited to producing small-diameter crystals and thus small-diameter wafers. 

8. In addition, while it was known that electronics-grade crystals could be formed 
with diameters of four inches or more, it was not known that solar-cell-grade, gallium-doped 
Czochralski silicon single crystals could be formed having diameters of four or more inches 
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with high overall conversion efficiency and little or no photo-degradation effects, at the low 
cost of the quartz-crucible Czochralski process. 

9. While it was known that gallium could be used as a dopant in solar-cell-grade 
silicon single crystals, it was not known that a specific concentration of gallium or a gallium- 
induced resistivity range in the range of 5 Cl'cm to 0.1 Qxm would produce a peak in 

conversion efficiency superior to that found in boron-doped silicon single crystals of similar 
sizes and resistivities, and with little or no photo-degradation. 

10. That such a peak in overall conversion efficiency for large diameter crystals 
with high reliability and low photo-degradation effects and long minority carrier lifetimes 
could be achieved in combination by selecting the conditions recited in the claims was 
unknown and unexpected in the art. This advance was addressed in the context of 

Dr. Abe et al.'s invention in Light Degradation and Control of Low-Resistivitv CZ-Si Solar 
Cells , Technical Digest of the International PVSEC-1 1, 1999, pp. 553-556. For this paper. 
Dr. Abe et al. were honored with the Special Paper Award of the 11^^ Intemational 
Photovoltaic Science and Engineering Conference. 

11. It was not known in 1999 prior to publication of Dr. Abe et al.*s invention that 
quartz-crucible Czochralski solar-cell-grade crystals, with gallium as the dopant that controls 
the resistivity of the crystal, in the specific resistivity in the range of 0.1 to 5 Q-cm, or the 

specific gallium concentration in the range of 5 x lO'^ atoms/cm^ to 3 x 10^^ atoms/cm^, 
could be formed with diameters of four inches or more and still have conversion efficiencies 
and lifetimes at the levels achieved by Dr. Abe et al.'s invention as defined in the current 
claims of the above-captioned patent application. The Fraunhofer ISE PV Charts confirm the 
fact that the highest conversion efficiency that had been obtained in a large-size Czochralski 
silicon single crystal solar cell was about 17.5%. The Fraunhofer ISE PV Charts list certified 
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solar cell data measured at the Fraunhofer ISE. For each silicon single crystal solar cell tested 
by Fraxinhofer ISE, the chart lists the measured conversion efficiency at standard conditions 
with the accompanying measurement uncertainty, whether the solar cell is a laboratory or 
production cell, the cell area, the manufacturer and remarks, along with some additional 
properties and data, such as the testing date. As discussed in the explanatory section on "How 
to Read the ISE PV Charts," cell area and efficiency were both considered important factors 
in evaluating a solar cell because "[l]arge area solar cells tend to show lower efficiencies than 
small area cells of corresponding technology." 

12. A 100.50 cm^ Czochralski silicon single crystal solar cell having a conversion 
efficiency of only about 17.5% is reported as the twenty-seventh entry of the silicon cells 
monocrystalline section of the Fraunhofer ISE PV Charts. I believe this was a boron-doped 
solar cell. All of the other about 100 cm^ or larger cells had even lower conversion 
efficiencies. 

13. As can be seen fi"om comparing the Fraunhofer ISE PV Charts to the data in 
the specification of the above-captioned patent application, the claimed invention has the 
potential to achieve a previously unaccomplished feat: producing a solar cell fi-om a silicon 
single crystal having a high oxygen concentration due to quartz-crucible dissolution during 
manufacture by the quartz-crucible Czochralski method, a large area (such as achieved with 
the claimed diameter of at least four inches), using gallium as the dopant to control resistivity, 
and capable of having a conversion efficiency of over 20% that can be maintained without 
significant photo-degradation. The high oxygen content fiirther endows the silicon single 
crystal with significant benefits, including improved wafer strength and resistance to 
deformation, both of which contribute to reduced degradation during mechanical processing, 
especially in large diameter wafers such as those having a diameter of four inches or more. 
That is, the high oxygen content resulting from quartz crucible dissolution during the 
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Czochralski crystal growth process allows the wafer to maintain its mechanical integrity even 
under conditions, such as at the high temperatures used in cell processing, in which the 
weight of the wafer itself and the mechanical leverage imposed by its diameter might 
otherwise result in wafer deformation or compromised mechanical properties. 

14. Similarly, it was not known in 1999 prior to the publication of Dr. Abe et al/s 
invention that gallium could be used as a dopant in solar-cell-grade silicon single crystals 
having diameters of four inches or more with improved overall conversion efficiency and 
substantially no photo-degradation. 

15. Prior to publication of Dr. Abe et al.'s invention in 1999, it was unexpected to 
find the peak in conversion efficiencies described in the specification of the above-captioned 
patent application without the photo-degradation that degrades boron-doped wafer conversion 
efficiencies at corresponding resistivities, for the specific resistivity in the range of 0.1 to 

5 fl-cm, or the specific gallium concentration in the range of 5 x 10^^ atoms/cm^ to 
3x10*^ atoms/cm^. 

16. Prior to publication of Dr. Abe et al.'s invention in 1999, one of ordinary skill 
in the art would have found no suggestion or motivation in Minahan, Wolf or Wettling to 
combine or modify these references to achieve the highly efficient, low-cost, long- lifetime, 
large-diameter silicon single crystal or wafer for a solar cell by the combination of producing 
the crystal according to the Czochralski method with gallium as a dopant that controls 
resistivity of the crystal, using the gallium in an amount that produces a resistivity of 0.1 to 

5 Q'cm, or a gallium concentration of 5 x 10^^ atoms/cm^ to 3 x 10^^ atoms/cm^, forming the 

single crystal with a diameter of four inches or more; and using the single crystal for a solar 
cell. 
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17. One of ordinary skill in the art would not have been motivated to modify 
Minahan to provide Czochralski silicon single crystal wafers having a gallium concentration 
in the range of from 5 x 10*^ atoms/cm^ to 3 x 10^^ atoms/cm^, or a resistivity in the range of 
5 Q-cm to 0.1 Q'cm based on Figure 22 of Wolf, at least because boron-doped quartz- 
crucible Czochralski silicon single crystal solar cells were known in the art to undergo 
significant photo-degradation, due in part to the high oxygen content caused by contact 
between the quartz crucible and the melt during Czochralski crystal grov^h and boron-oxygen 
pairing, at boron-induced resistivities within the range of 5 Q cm to 0.1 Qxm. 

18. One of ordinary skill in the art would not have been motivated by Minahan, 
alone or in combination with any other references, to provide low-cost, long-lifetime, large- 
diameter, solar-cell-grade, gallium-doped Czochralski silicon single crystals or wafers having 
a gallium concentration in the range of from 5x10*^ atoms/cm^ to 3 x 10^^ atoms/cm^, or a 
resistivity in the range of 5 Qxm to 0.1 tlxm and with high overall conversion efficiencies 

and little or no photo-degradation effects, at least because Minahan is directed to electron 
beam irradiation tolerance, a phenomenon entirely different from and not relevant to photo- 
degradation effects. 

19. Neither Minahan nor Wolf nor Wettling would have suggested to one of 
ordinary skill in the art in 1999 prior to publication of Dr. Abe et al.'s invention that there 
may be any advantage in producing doped Czochralski silicon single crystals like those 
obtained by the combination of producing the crystal according to the Czochralski method 
with gallium as a dopant that controls resistivity of the crystal, using the gallium in an amount 
that produces a resistivity of 0.1 to 5 Qxm, or a gallium concentration of 5 x 10^^ atoms/cm^ 
to 3 X 10^^ atoms/cm^, forming the single crystal with a diameter of four inches or more, and 
using the single crystal for a solar cell with this combination of features. 
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20. It is my opinion that one of ordinary skill in the art would not have been 
motivated to combine Minahan and Wolf to produce larger crystals having more surface area 
for solar cell formation with any reasonable expectation of success, for at least the reason that 
increasing the size of the silicon single crystal was understood in the art to increase the 
problems associated with oxygen contamination caused by melt-contact quartz crucible 
dissolution in the Czochralski process, such as photo-degradation, as discussed above, and 
Minahan and Wolf do not address how to avoid such problems in Czochralski crystals, 

21 . That such highly efficient, low-cost, long-lifetime silicon single crystals for 
solar cells could be produced by the combination of producing the crystal according to the 
Czochralski method with gallium as a dopant that controls resistivity of the crystal, using the 
galliimi in an amount that produces a resistivity of 0.1 to 5 Q-cm, or a gallium concentration 
of 5 X 10^^ atoms/cm^ to 3 x 10^^ atoms/cm*', forming the single crystal with a diameter of 
four inches or more, and using the single crystal for a solar cell with this combination of 
features was surprising because increasing the size of the silicon single crystal was 
understood in the art to increase the problems associated with oxygen contamination. 

22. Li 1999 prior to publication of Dr. Abe et al.*s invention, there existed a long- 
felt need in the art for a highly efficient, low-cost, long-lifetime silicon single crystal solar 
cell. After about 50 years of silicon semiconductor solar cell development, researchers were 
still attempting to maximize the size and conversion efficiencies of solar cells, and had not 
been able to achieve highly efficient, low-cost, long-lifetime silicon single crystals for solar 
cells with high overall conversion efficiencies, little or no photo-degradation, and with a 
diameter of four inches or more. When, for the first time, a low-cost solar cell having a 
diameter of at least four inches, capable of a conversion efficiency of 20% or more, without 
significant lowering of the conversion efficiency by photo-degradation, was formed by 
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Dr. Abe et al., researchers in the art saw the concrete potential for commercially viable solar 
power and acknowledged that advancement in the art with their acclaim and with the Special 
Paper Award of the 1 1'^ Litemational Photovoltaic Science and Engineering Conference. 

23. All statements made herein of my own knowledge are true, and all statements 
made on information and belief are believed to be true; and further these statements were 
made with the knowledge that willful false statements and the like so made are punishable by 
fine and/or imprisonment under Section 1001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of the application or any patent 
issuing therefi-om. 



Date: 





Lionel C. KIMERLING 



-8- 



CURRICULUM VITAE 



LIONEL C. KIMERLING 

Massachusetts Institute of Technology 
77 Massachusetts Avenue, Room 13-41 18 
Cambridge, Massachusetts 02139 
Business Telephone: (617)253-5383 



S.B., 1965 .Metallurgy 
Ph.D., 1969 Materials Science 



PROFESSIONAL EMPLOYMENT 

Massachusetts Institute of Technology: 

Thomas Lord Professor of Materials Science and Engineering, 1990.-present 

Director, Materials Processing Center, 1993-present 
AT & T Bell Laboratories: 

Member, Technical Staff, Materials Physics Research Department, 1972-1981 

Head, Materials Physics Research Department, 1981-1990 
Air Force Cambridge Research Laboratories: 

Captain U.S.A.F., SoHd State Sciences Laboratory, 1969-1972 

EDUCATIONAL ACTIVITIES 

Professor of Electronic Materials, Adjunct, Department of Materials Science and Engmeering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts, 1984-1990 

Professor of Physics, Adjunct, Physics Department, Lehigh University, Bethlehem, 
Pennsylvania, 1977-1986 

Visiting Fellow, Institute for the Study of Defects in Solids, SUNY- Albany, 
1975-1977 

Lecturer, Technion University, Haifa, Israel, 1976 
Lecturer, Aarhus University, Aarhus, Denmark, 1974 

Visiting Committee, Fairchild Laboratory for Solid State Studies, Lehigh University 

AWARDS AND DISTINCTIONS 

TMS Fellow, 2000 

John Bardeen Award, TMS, 1999 

Humbolt Senior Scientist Award, 1997 

MIT's Perkins Award for Excellence in Graduate Advising, 1 996 
Electronics Division Award, ECS, 1995 

Fellow of the American Association for the Advancement of Science, 1 992 
John E. Dom Memorial Lecturer, 1992 
Fellow of the American Physical Society, 1 987 
Welch Foundation Lecture, 1979 



EDUCATION 

Massachusetts Institute of Technology 
Massachusetts Institute of Technology 



PROFESSIONAL ACTIVITIES 

Journal of Electronic Materials: Chairman, Editorial Board, 1 986-present. 
The Minerals, Metals and Materials Society (TMS): 

President, Foundation Board of Trustees, 1998-2002 

Member- At-Large, Foundation Board of Trustees, 1998-2002 

President, 1994 

Vice-President, 1993 ^ 

Director, Electronic, Magnetic and Photonic Materials Division, 1989-1993. 
National Center for Photovoltaics Advisory Board 
Electronic Device Materials Committee (TMS): Chairman, 1986-1989. 
Electronic Materials Cornmittee (TMS): 

Member-at-Large, 1982-present * 

Secretary, 1980-1982 

Assistant Secretary, 1978-1980 

Member, 1977-present 
AIME: Trustee, 1994-present 

National Materials Advisory Board: , 
Member, 1992-present 

Committee on "High Temperature Semiconductor Materials," 1994. 
Committee on "On-Line Control of Metal Processing," 1 987. 
SEMATECH: 

Wafer Defect Engineering Task Force, Silicon Council, 1993-present. 
Organizer, Chairman, Proceedings Editor: 

13th International Conference on Defects in Semiconductors, Coronado, California, 1984. 

"Defects in SiUcon," 163rd Annual Electrochemical Society Meeting, New York, 1985. 

"Oxygen in Silicon," 1 14th Annual TMS/AIME Meeting, New York, 1985. 
Organizer, Chairman: "Defects in Semiconductors," "Laser and Electronic Beam Processing," 

"Low Temperature Processing of Semiconductor," "Sihcon Photonics," "New Issues in 

Silicon Materials for VLSI," and "Materials Interfaces" Annual Electronic Materials 

Conference, TMS, 1978-present. 
International Advisory Committee: 10th, 11th, 12th, 13th, 14th, 15th, 16th, 17th, 18th, 19 ,and 

20^^ International Conference on Defects in Semiconductors 1978, 1980, 1982, 1984, 

1986, 1988,1991,1993,1995,1997,1999. 
International Advisory Committee: International Conference on Defect Control in 

Semiconductors, Yokohama, 1989. 

HONORARY PROFESSIONAL SOCIETIES 

Phi Lambda Upsilon 
Sigma Xi 

PROFESSIONAL SOCIETIES 

American Association for the Advancement of Science 

American Physical Society 

American Society for Metals 

Materials Research Society 

The Electrochemical Society 

The Minerals, Metals, and Materials Society 

Electron Device Society, IEEE 



1 



PUBLICATIONS 



L. C. Kimerling, "Initial Investigations into ttie Fabrication of a Microelectronic 
Magnetic-Core Logic Elennent," S.B. Thesis, MIT, 1965. 

L C. Kimerling, "Compensation of Germanium by Radiation Defects," Ph.D. 
Thesis, MIT, 1969. 

L C. Kimerling, L. B. Golovin, and H. C. Gatos, "Germanium Radiation Detectors 
Compensated by Irradiation Defects," Proceedings of the IEEE, Ottawa, 
CANADA, 57 208(1969). 

H M DeAngelis, C. P. Comes and L C. Kimerling, "Isochronal Annealing of 
Electron-Irradiated, P-Doped Silicon," Bulletin of the American Physics Society 15 
397 (1970). 

L C Kimerling, C P. Games and H. M. DeAngelis, "Defect Introduction in 
Electron-Irradiated, P-Doped Silicon," Bulletin of the American Physics Society 15 
397 (1970). 

L C Kimerling, H. M. DeAngelis and C. P. Carnes, "Annealing of Electron- 
Irradiated, n-Type Silicon: Donor Concentration Dependence," Physical Review 
Bul/ef/n 3 427 (1971). 

P J Drevinsky and L. C. Kimerling, "Carrier Removal in Li-Doped Silicon Irradiated 
with 5-MeV Neutrons," Bulletin of the American Physics Society 16 499 (1971 ). 

L C Kimerling and C. P. Carnes, "Annealing of Electron-Irradiated, N-Type 
silicon: Illumination and Fluence Dependence," Journal of Applied Physics A2 
3548 (1971). 

L C. Kimerling and P. J. Drevinsky, "Carrier Removal Effects in Neutron-Irradiated, 
Lithium-Doped Silicon," IEEE Transactions in Nuclear Science NS-18 60 (1971 ). 

L. C. Kimerling, "Radiation Effects in n-Type Silicon Semiconductors," Proceedings 
of the AFSC Science and Engineering Symposium. Dayton, OH, 569 (1 971 ). 

T J Magee, J. J. Comer, and L. C. Kimerling, "Lithium Precipitation in Silicon," 
Proceedings of the 29"^ Annuo/ Conference of the Electron Microscopy Society 
of America; Boston, MA, 150 (1971). 

R E Dinsmore, P. A. Armstrong, J. W. Harthorne, L. C. Kimerling and C. A. Sanders, 
"The Effect of Length and Multiplicity of Stenoses in Coronary Artery Disease: A 
Mathematical Approach," Proceedings of the 44th Scientific Session of the 
American Heart Assn., Anaheim, CA, 726(1 97 T). 



printed: 02/23/04 

PC-O/Kim/Kpublications/lpubllist.doc 
mlb 



2 



1 3. L. C. Kimerling, P. J. Drevinsky and C. S. Chen. "Defect Interactions in Neutron- 
Irradiated, Lithium-Doped Silicon/' in Radiation Damage and Defects in 
Semiconductors (Institute of Physics, London, 1 973) p. 182. . 

14. J. W. Diebold, H. M. DeAngelis, and L. C. Kimerling, "Specific Observations of 
Radiation Effects in Semiconductors by Junction-Capacitance Techniques/' in 
Radiation Damage and Defects in Semiconductors , (Institute of Physics, London, 
1973) p. 295. 

15. J. W. Diebold, H. M. DeAngelis, L. C. Kimerling and J. J. Fitzgerald, "Junction 
Capacitance Techniques to Characterize Radiation Damage in Silicon/' AFCRL 
Technical Report No. 73-0157, 

1 6. L. C. Kimerling, "On the Role of Defect Charge State in the Stability of Point 
Defects in Silicon,'* Bu//ef/n of the American Phys/cs Soc/efy 19 210 (1973). 

17. L, C. Kimerling, "The Influence of Deep Traps on the Measurement of Free Carrier 
Distributions in Semiconductors by Junction Capacitance Techniques/' Journal 
of Applied Physics 45] 869 [^ 97 4), ' . 

18. D. V. Lang and L. C. Kimerling, "Obsen/otion of Recombination Enhanced 
Defect Reactions in Semiconductors," Ph/s/ca/ Review Letters 33, 489 (1974). 

1 9. D. V. Lang and L. C. Kimerling, "A New Technique for Defect Spectroscopy in 
Semiconductors: Application to 1-MeV Electron Irradiated n-GoAs," in Lattice 
Defects in Semiconductors (Institute of Physics, London, 1 975) p. 581 . 

20. L. C. Kimerling and J. M. Poate, "Lattice Defects in Ion Implanted 
Semiconductors," in Lattice Defects in Semiconductor (Institute of Physics, 
London, 1975) p. 126. INVITED 

21 . L. C. Kimerling and D. V. Lang, "Recombination Enhanced Defect Reactions in ; 
Semiconductors," in Lattice Defects in Semiconductors (Institute of Physics, 
London, 1975) p.589. 

22. L. C. Kimerling, H. M. DeAngelis and J. W. Diebold, "The Role of Defect Charge 
State in the Stability of Point Defects in Silicon," Solid State Communications 16 
171 (1975) 

23. L. C. Kimerling and D. V. Lang, "The Influence of e-h Recombination on Defect 
Stability in Semiconductors/' Bu//et/n of the American Physics Society 20 31 7 
(1975). 

24. J. D. Weeks, J. C. Tully and L. C. Kimerling, "Theory of Recombination Enhanced 
Defect Reactions in Semiconductors," Bulletin of the American Physics Society 20 
318(1975). 

25. J. J. Hauser and L. C. Kimerling, "Electrical Conduction in Si-tmplanted 
Amorphous Si/' Physical Review Bl 1 , 4043 ( 1 975) . 



printed; 02/23/04 

PC-O/KinVKpublications/! publlist.doc 
mlb 



3 



26. D. V. Lang and L. C. Kimerling, "Studies of Recombination Enhanced Defect 
Motion in ill-V Semiconductors/' IEEE Tronsoctions on Elecironic Devices ED-22 
1054 (1975). 

27. . L. C. Kimerling, P. Petroff and H. J. Leamy, "Injection Stimulated Dislocation 

Motion in Semiconductors/' IEEE Transactions on Electronic Devices ED-22 1054 

(1975) . 

28. H. J. Leamy, A. J. R. de Kocic, L. C. Kimerling and S. D. Ferris, "CInaracterization of 
Si Single Crystals by Conductivity Mode Scanning Electron Microscopy/' 
Proceedings of fh\e 33'"^ Annual Electron Microscopy Society of America 
Conference. Las Vegas, NV, Ed. G. W. Bailey, 260 (1975). INVITED 

29. A. J. R. de Kock/S. D. Ferris, L. G. Kimerling, and H. J. Leamy, "Investigation of 
Defects and Striations in As-Grown Si Crystals by SEM Using Schottky Diodes," 
Applied Ptiysics Letters 27 31 3 ( 1 975). 

30. J. D. Weeks, J. C. Tully and L. C. Kimerling, "Theory of Recombination-Enhanced 
Defect Reactions in Semiconductors," Ptiysics Review Bulletin 12 3286 (1975). 

31 . L. C. Kimerling, H. J. Leomy, and G. E. Smjth, "Healing Radiation Defects in 
Semiconductors," U. S. Patent No. 4,328,694. 

32. L. C. Kimerling, P. Petroff and H. J. Leamy, "Injection Stimulated Dislocation 
Motion in Semiconductors," Applied Physics Letters 28 297 (1976). 

33. D. V. Lang and L. C. Kimerling, "Observation of Athermal Defect Annealing in 
GoP," App//ed Phys/cs Letters 28 248 (1976). 

34. D. V. Lang, L. C. Kimerling and S. Y. Leung, "Recombination Enhanced Annealing 
of the Eland E2 Defect Lesvels in 1-MeV Electron Irradiated on GaAs," Journa/ of 
Applied Ptiysics 47 3587 {] 97 6], 

35. H. J. Leamy, L. C. Kimerling and S. D. Ferris, "Silicon Single Crystal 
Characterization by SEM," Scanning Electron Microscopy/ 1976 (Part IV), ITT 
Research Institute, Chicago, IL, 529 (1976). INVITED. 

36. P. M. Petroff and L. C. Kimerling, "A Dislocation Climb Model in Compound 
Semiconductors with the Zinc Blende Structure," Applied Ptiysics Letters 29 461 

(1976) . 

37. D. V. Lang, R. A. Logon, and L. C. Kimeriing, "Obsen/ation of Deep Level Energy 
Shifts as a Function of Composition in Al^ Ga^.^ As Mixed Crystals/' Proceedings 

of ttie J3^^ InternationaiConference on the Physics of Semiconductors. 
NETHERLANDS, 615 (1976). 



printed: 02/23/04 

PC-O/Kim/Kpublications/l publlist.doc 
mtb 



4 



38. 
39. 
40. 

41. 

42. 
43. 

. 44. 

45. 



46. 
47. 

48. 

49. 
50. 



A . P deKock S D Ferris, LC. Kimerling. and H. J. leamy/'SEM Obse^^^^^^ 

American Physics Society 21 265 (1976). 

^^Hi r icim«-rlina "Observation of Athernnal Recombination 

Soc/efy 21 437 (1976). 

L C Kimerling, •'Electrical Properties of Lattice Defects in Si and Ge."Bul/et/n of 
the American Phys/cs Society 21 296 (1976). 

American Physics Society 21 297 (1976). 

Physics Conference Series 31, London, 19771 p. 221 . 

P M. Potroff, L. C. KirT,ehing and W, D, Johnston, Jr. "Bect'^rtc Excitation Effect 
Physics Conference Series 31, London, 1977) p. 362. 

H J Leamy and L. C. Kimerling, "Electron Beam Induced Annealing of Defects in 
GoAs " Journa/ of App/ied Physics 48 2795 (1977). 

App//ed Physics Letters 30 217 (1977). 

D V Long, R. A. Logan, and L. C. Kimerling "Identification of ^he Defe^^^^^^^ 
Associated with a Gallium Vacancy in GaAs and Ai^Go i .^As, Physical Review 

15 4874(1977). 

. , . I p P,-i+^i "n^fect States Associated with 

'^^^i^o^^^ii^^' B*^n Of the An,e„ccn Physics 
Society 22 267 (1977). 



printed: 02/23/04 

PC-O/Kim/Kpublicalions/lpublUst.doc 
mlb 



5 



SEM-Charge Collection Microscopy," in Semiconductor Silicon 1977, 
(Electrochemical Society, Princeton, 1977) p. 468. 

51 G L. Miller, D. V. Lang, and L. C. Kimerling,"Capacitance Transient 
Spectroscopy," Annua/ Rev/ew of Maferio/s Sc/ence 7 377 (1 977). INVITED. 

52 W C Ballamyand.L.C.Kimerling, "Premature Failure in Pt-GaAs lMPATTS- 
Recombination Assisted Diffusion as a Failure Mechanism," IEEE Transactions on 
Electron Dev/ces ED-25 746 (1978). 

53 H S Chen L C Kimerling, J. M. Poate, and W. L. Brown, "Diffusion and Viscosity 
in MetallicGlasses," Proceedings of the MRS Fall Meeting. Boston, MA, 486 (1 978). 

54. H. S. Chen, L. C. Kimerling, J. M. Poate, W. L. Brown, "Diffusion in a Pd-Cu-Si 
Metallic Gloss," App//ed Phys/cs Letters 32 461 (1 978). 

55 W L Brown, J. A. Golovchenko, K. A. Jackson,.L. C. Kimerling, H. J. Leamy,G. L. 

Miller J. M. Poate, J. W. Rodgers, G. A. Rozgonyi, T. T. Sheng, T. N. C. Venkqtessen, 
and G. K. Celler, "Laser Anrieoling of Ion Implanted Semiconductors," in Rapid 
Solidification Processinn: Principles and Technologies (Claitors, Baton Rouge, 
1978) p. 123. 

56. L. C. Kimerling and J. R. Patel, "Defect States of Dislocations in Silicon," Bu//et/n of 
the American Phys/cs Soc/efy 23 257 (1 978). 

57 G K Celler J M. Poate, and L. C. Kimerling, "Spatially Controlled Crystal 
Regrowth of Ion Implanted Silicon by Laser Irradiation," Applied Physics Letters 32 
464 (1978). 

58 L E Katz and L. C. Kimerling, "Defect Formation During High Pressure, Low 
Temperature Oxidation of Silicon," Journal of the Electrochemical Society 1 25 
1680 (1978). 



59 J L BentonandL. C. Kimerling, "Laser Induced Defects in Silicon,"Proceed/ngs 
of the Bell System Symposium on Laser Processing of Semiconductors, Princeton, 
NJ, 99 (1978). 

60 H J Leamy L. C. Kimerling, S. D. Ferris, "Electron Beam Induced Current," in 
■Scanning Electron Microscopy/ 1 978 . (SEM Inc. AMF O'Hare, 1978) p. 717 INVITED. 

61 G L Miller, J. L. Benton, L. C. Kimerling, D. A. H. Robinson, J. W. Rodgers, 
"Electrical Properties of Ion Implanted Nd: YAG Laser-Annealed Single Crystal 
Silicon," in Semiconductor Characterization Techhiaues (Electrochemical 
Society Princeton, 1 978) p. 502. 

62. L. C. Kimerling and J. R. Patel, "Defect States Associated with Dislocations in 
Silicon," App//ed Phys/cs Letters 34 73(1979). 



printed: 02/23/04 

PC-0/Kim/Kpubltcations/!publlist.doc 
mlb 



6 



63 L C Kimerling, "Recombination Enhanced Defect Reactions," Solid State 
E/ecfron/cs 21, 1391 (1978). INVITED. . . 

64 L. C. Kimerling, "Defect State Microscopy," in lnstitute of Physics Conference 
■series Chapter 3 43 (London, 1979), p. 1 13. INVITED. 

65 L C Kimerling, "Electronic Stimulation of Defect Processes in Semiconductors," in 
in.;titiite of Phvsics Conference Series Chapter 1 46 (London. 1979), p. 56. INVITED. 

66 L C Kimerling, W. M. Gibson, and P. Blood, "Defect States in Proton Bombarded 
<:iiir-on- T <r^nnnK "in Institute of Phvsics Confer ence Series Chapter 3 46 (London, 
1979), p. 273. 

67 G K Celler, W.L Brown, L.C. Kimerling, H. J. Leamy, G. L. Miller, J. M. Poate, G. A. 
Rozgonyi, and T. T. Sheng, "Characterization of Ion Implanted Silicon Annealed 
by Laser Irradiation," in Institute of Phvsics Con ference Series Chapter 8 46 
(London, 1979), p. 460. 

68. L. J. Cheng, J. P. Karins, J. W. Corbett, and L. C. Kimerling, "Positron Lifetimes in 
GaAs," Jouma/ of App//ed Phys/cs 50 2963 (1 979). 

69. J. R. Patel and L. C. Kimerling, "Dislocation Defect States in Silicon," Journal de 
Phys/que C6 67 (1979). 

70 J L Benton, L. C. Kimerling, G. L. Miller, and D. A. H. Robinson,"The Electrical 
Properties of Laser Annealed Silicon," in Flectrical Characterization of Silicon, 
(American Institute of Physics, 1979) p. 543. 

71 J R Troxell, A. P. Chattergee, G. D. Wati<ins, and L. C. Kimerling, "Recombination 
Enhanced Migration of Interstitial Aluminum in Silicon," Phys/ca/ Rev/ew Bl 9 5336 
(1979). 

72 L C Kimerling, H. J. Leamy and K. A. Jackson, "Photo-induced Zone Migration in 
Semiconductors," Proceedings of fhe J56th Electrocliemical Society Meeting. 
Los Angeles, CA 80-1 242 (1980). 

73 L C. Kimerling, "Imperfections in Condensed Matter," Proceedings of the XXIII 
Welch Foundation Conference on Cheiriical Research. Houston, TX 220 ( 1 980) 
INVITED. 

74 L C Kimerling, "Defects in Laser Processed Semiconductors," in Laser and 
Electron Beom Processing of Materials (Academic Press, New York, 1 980) p. 385. 
INVITED. 

75. J.L.Bentqn, C.J.Doherty, S. D. Ferris, L. C. Kimerling, H. J. Leamy, G. K. Celier,"Post 
Illumination Annealing of Defects in Laser Processed Silicon," in Laser and 
. Electron Beam Processing of Materials (Academic Press, New York, 1 980), p. 430. 



printed: 02/23/04 

PC.O/KinVKpubncalionsyipubllist.doc 
mlb 



7 



76. G. K. Celler, L. C. Kimerling, H. J, Leamy, J. M. Poate, and G. A. Rozgonyi, 
"Patterned Epitaxial Regrowth Using Overlapping Pulsed Radiation/' U. S. Patent 
No. 4.234.358. . 

77. J. L Benton, C. J. Doherty, L. C. Kimerling. H. J. Leamy, D. F. Flannnn, and S. D. 
Ferris. "Hydrogen Passivation of Point Defects in Silicon/' Applied Physics Letters 
36 670(1980). 

78; K. A. Jackson, L. C. Kimerling. and H. J. Leamy. "Photo-Induced Temperature 
Gradient Zone Melting/' U.S, Patent No. 4,257,824. 

79. L. C. Kimerling, J. L. Benton, J, J. Rubin, "Transition Metal Impurities in Silicon," in 
Defects in Semiconductors/ 1 980 (Institute of Physics, London, 1981), p. 217. 

80. L C. Kimerling, J. R. Potel, J. L. Benton, and P, E. Freeland, "Dislocations in 
Silicon," in Defects in Semiconductors/1980 (Institute of Physics, London, 1981), p. 
401. 

81 . J. L. Benton, C. J. Doherty, L. C. Kimerling, and H. J. Leamy, "Passivation of 
Defects in Laser Annealed Semiconductors," U. S. Patent Application No. 
4,113,514 (1981). 

82. L. C. Kimerling and J. L. Benton, "The Electrical Activity of Oxygen in Silicon," 
Proceedings of the 158fh Meeting of the Electrochenrticol Society. Los Angeles. 
CA, 80-2 1056 (1981). 

83. L. C. Kimerling and J. L. Benton, "Oxygen Related Donor States in Silicon." 
App//ed Phys/cs Le/fers 39 410 (1981). 

84. V. Swaminathan, L. C. Kimerling and W. R. Wagner. "The Effect of Electron 
irradiation on the Low-Temperature Emission Spectra from Ge-Doped 
Ga0.60AI0.40As Grown by Liquid Phase Epitaxy." Applied Physics Letters 38 881 
(1981). 

85. J. R. Patel and L, C. Kimerling, "Dislocation Energy Levels in Deformed Silicon," 
Crysta/ Research and Techno/ogy 16 187 (1981) . 

86. J. R. Patel and L. C. Kimerling, "Dislocation Defect States in Deformed Silicon,^' in 
Defects in Semiconductors . J. Narayan and T. Y. Tan, Eds. (North-Holland. Inc., 
New York, 1981 ), pp. 273-277. 

87. L. C, Kimerling, "Defect Characterization by Junction Spectroscopy."in Defects in 
Semiconductors , J. Narayan andT. Y. Tan, Eds. (North-Holland, New York, 1981). 
pp. 85-95. INVITED. 

88. J. L. Benton, G. K. Celler, D, C. Jocobson, L. C. Kimerling, D. J. Lischner. G. L. 
Miller, and McD. Robinson, "Characterization of Ion-Implanted Si Rapidly 
Annealed With Incoherent Light."in Laser and Electron Beam Interaction with 



printed: 02/23/04 

PC-O/KinrVKpublications/! publlist.doc 
mlb 



8 



Solids , B. R. Appleton and G. K. Celler, Eds. (North Holland, New York, 1 982), p. 
765. 

89. M, Levinson, J. L Benton, L C. Kinnerling, H. Temkin, "Defect States in Electron 
Bombarded InP," Applied Physics Letters 40 990 (1 982). 

90. J. L. Benton, L. C. Kimerling, "Capacitance Transient Spectroscopy of Trace 
Contamination in Silicon," Journal of the Electrochemical Society 129 2098 

(1982) . 

91 . L. C. Kimerling, "Imperfection in Semiconductor Materials," Science 

9Z L. C. Kimerling and J. L Benton, "Electronically Controlled Reactions of Interstitial 
Iron in Silicon/' Phys/ca 11 6B 297 (1983). 

93. J. L. Benton, L. C. Kimerling, M. Stavola, "The Oxygen-Related Donor-Defect in 
Silicon," Ph/s/ca116B 271 (1983). 

94. K. A. Jackson and L C. Kimerling, "Solidification of Molten Materials," U.S. Patent 
No. 4,394,183 (1983). 

95. L. C. Kimerling, "Defects in Semiconductors - 1982," Physica lUB 1 (1983). 
INVITED. 

96. M. Stavola, J. R. Patel, L C. Kimerling, and P. E. Freeland, "Diffusivity of Oxygen in 
Silicon at the Donor Formation Temperature," Applied Physics Letters 42 73 

(1983) . 

97. M. Levinson, J. L. Benton, and L C. Kimerling, "Electronically Controlled 
Metastable Defect Reaction in InP," Physics Review Bulletin 27 6216 (1983). 

98. M. Stavola and L. C. Kimerling, "Symmetry Determination for Deep States in 
Semiconductors from Stress-Induced Dichroism of Photocapacitance," Journal 
of Applied Physics 54 7 {]983). 

99. L. C. Kimerling, "Electronic Structure and Properties," Book Review, ASTM Journai 
229(1983). 

100. M. Levinson, M. Stavola, J. L. Benton, and L C. Kimerling, "The Metastable M 
Center in InP: Defect Charge State Controlled Structural Relaxation," Physics 
Review Bulletin 26 5848 {] 983). 

101. J. L. Benton, M. Levinson, A. T. Macrander, H. Temkin, and L. C. Kimerling, 
"Recombination Enhanced Defect Annealing in n-lnP," Applied Physics Letters 
45 556(1984), 

102. S. Mil'shtein, D. C. Joy, S. D. Ferris and L. C. Kimerling, "Defect Characterization 
Using SEM-CCM: Relative Contrast Measurements," Physica 

a84 363 (1984). 



printed: 02/23/04 

PC-0/Kimrt<publications/! publlist.doc 
mlb 



9 



103. M. Stavola, M. Levinson, J. L. Benton and L. C. Kimerling, "Extrinsic Self-Trapping 
and Negative U in Semiconductors: A Metastable Center in IriP," Phy,sics Review 
630 832(1984), 

104. L. C. Kimerling and J. R. Patel, "Silicon Defects: Structures, Chemistry and 
pioz-trir-ni Prnpf^rties." in Silicon Materials - VLSI Electronics: MiCro structure 

. Science . Vol. 12, N. G. Einsprucli, Ed. (Academic Press, NY, 1985) pp. 223-267. 

105. J. L. Benton, K. M. Lee, P. E. Freeland and L. C. Kimerling; "Structural 
Determination of the Oxygen Donor in Si," Journal of Elecironic Materials] 4a 647 
(1984). 

106. M. Stavola, M. Levinson, J. L. Benton and L. C. Kimerling, "Large Lattice 
Relaxation in a Muitielectron System: Binding Energies and Criteria for Negative 
Effective U," JoLfrno/ of E/ecfron/c Mqteno/s 14a 191 (1984). 

107 M. Stavola, K. M. Lee, P. E. Freeland and L. C. Kimerling, "Site Symmetry and 

Ground State Characteristics for the Oxygen Donor in Silicon," Ph/s/cs Review 
Letters 54 2639 (1985). 

108. K. M. Lee, L. C. Kimerling and M. D. Sturge, "ODMR Study of the Killer Center Fe in 
GaP: 0," in Microscopic Identification of Electronic Defiscts in Semiconducto rs, 
N.M. Johnson, S.G. Bishop, and G.D. Watkins, Eds. 46, ( 1 985) p.31 9. 

1 09. L. C. Kimerling, "Frontiers in the Science of Electronic Materials," Journal of Metals 
37 42(1985). 

110. L. C. Kimerling and J. M. Parsey, Jr., "Imperfection in Semiconductor Materials," 
Jouma/ of Meta/s 37 60 (1985). 

111. K. M. Lee, L. C. Kimerling, B. G. Bagley and W. E. Quinn, "The Optically Detected 
Magnetic Resonance of Dangling Bonds at the Si/Si02 Interface," Solid State 
Communications. 57 6^5 {]986). 

1 1 2. M. Stavola, K. M. Lee, J. C. Nabity, P. E. Freeland and L. C. Kimerling, "The Effect 
of Uniaxial Stress on the Infrared Absorption Bands Due to the Oxygen Donor in 
Silicon," in Microscopic Identification of Electronic Defects in Semiconductors , 
N.M. Johnson, S G. Bishop, and G D. Wptkins, Eds. 46 (1985) p,257. 

113. L. C. Kimerling, J. L. Benton, K. M. Lee and M. Stavola, "Defect Structure and 
Properties by Junction Spectroscopy," in Microscopic Identification of Electronic 
Defects in Semiconductors . N.M. Johnson, S.G. Bishop and G.D. Watkins Eds. 46, 
(1985) p. 3. INVITED. 

114. L. C. Kimerling, R. Reif, E. Irene, J. J. Wortman, T. Segwick and I. Colder, "Low 
Thermal Budget Processing," Proceedings of MCNC "Panels on Major 
Tect)nology Issues: Semiconductors." Ra\e\gh.UC []985]. 



printed: 02/23/04 

PC.O/KinrVKpubllcations/! publlisl.doc 
mlb 



10 



115. 



116. 
117; 
118. 
119. 
120. 
121. 
122. 
123. 

124. 
125. 



Fall Meeting, Boston, MA 59 475 ( 1 986) . 

A M Chontre and L. C. Kimerling, "A New Configurotionolly Multistob.e Defect in 
tmon-Applied Physics Letters 48 1000 (1985). 

L C. Kimerling, "Structure and P^oP^rtiesof the Oxygen Donor/' 
Proceedings of the MRS Fall Meeting, Boston, MA 59 83 (1986). INVITED. 

R. D. Harris, G. D. Watkins and C- Kinneriing, "Mi^^^^^^^ of Interstitial Boron in 
Silicon," Materials Science Forum, 10-12 163 (1986). 

.^^nHi r Kimerlina "Metastable Properties of Iron-Gallium and 
:o"in^*rP*rn 'si,icoa^?r^^Tec.n,ca, Men.orond.m, ,936. 

Pairs in Silicon," Moterials Science Forum 10-12, 387 (1986). 
A Chanlre, J. L Benton, M. T. Asom and L. C. iCimerting "New impurity-Defect 
Reasons in Silicon," Materiols Science forum 10-12. 1 It 1 (1986). 

^.ScS^ScJS^^^^^^^^^^ 

Physics Letters 50 513 (1987). 

M. T. Asom, . L. Benton, R. Sauer -d U C. Kimer,^ Defect Reoctions 

in Silicon," Applied Physics Letters 51 256 (19871. 

R. souer, M. Asom, R.^Peop,a av^ Lona ^^^^^^^^^^ 
Photoluminescence Defect at 1 01 92 eV 'n i"'con /v u 
Layers Ascribed to Cu," Applied Physics Letters 51 1 185 (1987). 



126. 



127. 



128. 



(1989). 

r.eVeX^c=:;^ofB^.^=T.^^^^^^^^^^ 
Letters 52 1472(1988). 



MA, 104 85(1988). 



printed: 02/23/04 

PC-O/Kim/Kpublications/I publlisl.doc 
mlb 



11 

129. P. J. Drevinsky, C. E. Caefer, S. P. Tobin, J. C. Mikkelsen, Jr., and L C. Kimerling. 
"Influence of Oxygen and Boron on Defect Production in Irradiated Silicon/* 
Proceedings of the /vIRS Fa// A/leet/ng, Boston/MA 104 167 (1988). 

1 30. J. N\. Parsey, Jr., N\, T. Asom, L C. Kinnerling, R. Sauer and F. A. ThieL "Thermal 
Annealing and Cooling-Rate Dependent Electronic Properties of Bulk GaAs 
Crystals," Proceedings of the MRS Foil Meefing. Boston, MA 104 429 (1 988). 

131. H.S. Chen, S.H. Liou, A.R. Kortan, L C. Kimerling and G S. Indig, "Novel Method of 
Making High Tc Material: Liquid-Gas-Solidification Processing/' Proceedings of 
the Americon Ceramic Society Annuol Meeting. 400 (]988). 

132. H. S. Chen, S.H. Liou, A. R. Kortan and L. C. Kimerling, "Growth of Epitaxial YbBa2 
Cu3 07 Superconductor by Liquid-Gas-Solidification Processing," y^pp//ed 
Phys/cs Le ffers 53 705 (1988). 

1 33. L. C. Kimerling, M T. Asom, F A. Thiel and J. M. Parsey, Jr., "Nonstoichiometry 
Related Acceptors in Go As," Materials Science Forum 40 945 |1 989). 

1 34. L. C. Kimerling, M. T. Asom, J. L. Benton, P. J. Drevinsky and C. E. Caefer, 
"Interstitial Defect Reactions in Silicon," Materials Science Forum 38 1 41 (1 989) 
INVITED. 

135. L C. Kimerling, "Structure and Properties of Point Defects in Semiconductors," in 
Point and Extended Defects in Semiconductors , G. Benedek, A. Cavailini, and W. 
Schroter, Eds.,(Plenum Publishing Corporation, 1989) p. 1. 

1 36. H. S. Chen, A. R. Kortan, F. A. Thiel and L. C. Kimerling, "YbBa2Cu307 Epitaxial 
Films Grown by an Ag-Enhanced Liquid Gas Solidification," Applied Physics 
Letters 52 191 (1989). 

137. D. Apelian, C. Eckert, L. C. Kimerling, H. Marcus, D. R. Sadoway, R. A. Sprague 
and H. N. G. Wadley, "On-Line Control of Metal Processing," (Report of the 
Committee on On-Line Control of Metal Processing), National Materials Advisory 
Board, Commission on Engineering and Technical Systems, National Research 
Council, NMAB-44 (National Academy Press, 1989) p. 1 . 

138. M. T. Asom, E. A. Fitzgerald, A. R. Kortan, B. Spear and L. C. Kimerling, "Epitaxial 
Growth of Metastable SnGe Alloys/' Applied Physics Letters 55 578 (1989). 

139. H. S. Chen, E. M. Gyorgy and L. C. Kimerling, "Transport Properties of Tl-Based 
Superconductors Prepared by Liquid-Gas-Solidification Process," Modern Physics 
Letters B 3 975 (1989). 

1 40. A. R. Kortan, F. A. Thiel, H. S. Chen and L. C. Kimerling, "Melt Oxidized Liquid 
Phase Epitaxy of Y1 Ba2Cu307," AT&T Technical Memorandum, (1 989). 



printed: 02/23/04 

PC-O/KirrVKpublications/tpubllist.doc 
mlb 



12 



1^1 I C Kimerling "Process Control for Heterogeneous Materials Systems: A Universal 
' • ChollelJ^e'^^^ of Materials 41. 8 {1 989). INVITED 



142. 



143. 



KA T A.om E A Fitzgerald, F: A. Thiel, R. People, D. Eaglesham, L Luther, S. K. 



249 (1989) 



Ohm^c contacts Formed by Rapid Thermol Prooessing: App-red Phys.cs Letters 
55 2220 11989). 

- , ^ c nr^^f^r I C Kimerlina and J. L. Benton, "Carbon-Related 

' ^oeisrsK i.'^ssiSS^ ' ^- 

ScTence Publistiers B.V., Nortti-Hollond. NY 1990) p.341. 

B.V., North-Holland, NY 1990) p. 1. 
1 47. M. K. Sheinkman and L. C. Kimerling. "The ^^^^^^^^^^^^^^^ 

NY1990)p.97. 

, 48. M. T. Asom, A. R. Korton, L. a KimerBng and R^C fa-Wg;^-^'-- ^'""''^ 
of Metastoble D-Sn." Applied Physics Letter 55 1439 ( 1 9891 . 

;.p-=^|-e»treLps?S^e»«^^^ 

v9^^r':i'Su;,%=-^^^^^^^^^^ 

Sodety, Pennington, NJ, 1990), p.n 7. 
(1990). 

1 52 L C. Kimerling, "Reaching the Limits in Silicon Processing," AT & T Technical 
Journal 69 16(1990). 



printed: 02/23/04 

PC-O/Kim/Kpublications/! publlist.doc 
mlb 



13 



153. H. Chou, H.S. Chen, E.M. Gyorgy, A. R. Kortan, LC. Kimerling, F.A. Thiel and M. K. . 
Wu, "Superconducting Properties of (Tlo.64Bi0.1 6Pbo.2)Ba2-xSrxCa3Cu40y by 
Liquid-Gas-Solidification Processing/' Phys/ca C 69 16 (1990)^ . 

1 54. H. Chou, H.S. Chen, A.R. Kortan, LC. Kimerling, F.A. Thiel and M.K.. Wu. "Single 
Step Processing of a TIBa2Ca2Cu30y Superconducting Filnn by Liquid-Gas 
Solidification/' App//ed Physics Letters 58 2836 ( 1 99 1 ) . 

1 55. J. L. Benton, J. Michel, L. C. Kimerling, R. A. Gottscho and B. E, Weir, "Carbon 
Reactions in Reactive Ion Etched Silicon," Joumol of Electronic Mpterials 20 643 
(1991). 

1 56. J, Michel, J. L. Benton, R. F. Ferrante, D. C. Jacobson, D. J. Eagleshann, E. A. 
Fitzgerald, Y-H. Xie, J.M. Poate and L.C. Kinnerling; "Impurity Enhancennent of the 
1 .54-|jm Er3+ Luminescence in Silicon," Journal of Applied Physics 70 2672 (1991 ). 

157. E. A, Fitzgerald, P. E. Freeland, M. T. Asom, W. P. Lowe, R. A. MacHarrie, Jr., B. E. 
Weir, A. R. Kortan, F. A. Thiel, Y-H. Xie, A.M. Sergent, S. L. Cooper, G. A. Thomas 
and L. C. Kimerling, "Epitaxially Stabilized GexSni-x Diamond Cubic Alloys/' 
Journal of Electronic Materials 20 489 ( 1 99 1 ) . 

1 58. Y.-H. Xie, J. Michel, D. C. Jacobson, E.A. Fitzgerald, J.L Benton, D. J. Eaglesham, 
L.C. Kimerling, J.M. Poate and C.L. Poulnack, "Correlative Study on 
Photoluminescence and Electrical Activation of Erbium in Silicon," AT & T 
Technical Memorandum {]990]. 

1 59. J. L. Benton, J. Michel, L. C. Kimerling, D. C. Jacobson, Y-H. Xie, D. J. Eaglesham, 
E. A. Fitzgerald and J. M. Poate, "The Electrical and Defect Properties of Erbium- 
Implanted Silicon," Journa/ of App//ed Phys/cs 70 2667 (1991). 

160. D. J. Eaglesham, J. Michel, E. A. Fitzgerald, D. C. Jacobson, J. M. Poate, J. L. 
Benton, A. Polman, Y-H. Xie and L.C. Kimerling, "The Microstructure of Erbium- 
Implanted Si," App//ed Phys/cs Letters 58 2797 (1991 ). 

161. J.L. Benton and M. A. Kennedy, J. Michel, L. C. Kimerling, "Interstitial Defect 
Reactions in Silicon Processed by Reactive Ion Etching," Materials Science Forum 
83-87 1433 (1992). 

162. L. C. Kimerling, "Defect Engineering," MRS Bu//ef/n 26 42 (199T). 

1 63. L. C. Kimerling, "Electronic States of Point Defects in Silicon," Advanced Science 
and Technology of Silicon Materials 1 430 ( 1 99 1 ) . 

1 64. J. L. Benton, B.E. Weir, D. J. Eaglesham, R.A. Gottscho, J. Michel and L. C. 
Kimerling, "Measure of Defect Profiles in Reactive Ion Etched Silicon," Journal of 
Vacuum Science Technology B IO 540 []992]. 



printed: 02/23/04 

PC-0/KinVKpubIications/!publlist.doc 
mlb 



14 



165. J 



166. 



167. 



168. 



169 



170. 



(1992). 

21 863 (1992). 

1 Michel E A Fitzgerald, Y-H. Xie, P. J. Silverman, M. Morse and L C. Kinneriing, 
■ThoSminesSn Investigations of Graded, Totally Relaxed Ge.S.i -x 
Structures," Journal of Electron/c Moter/a/s 21 1099 (1992). 

A Pr^hntni E R Weber and L. C. Kimerling, "Opportunities in Silicon 
?ho?ovo,Sics an^Delect Control in Photovoltaic Materials," Journal of 
Elecfron/c Materials 22 65 (1993). 

. • \- ^ I i^irv,oriino "The^ Mechanisms of Electronic Excitation of 

1.(1993). 

F Y G Ren J Michel, Q. Sun-Paduano, B. Zheng, H. Kitagawa, D^C. Jacobson, 
: M Paa\e and LC Kimerling, "IC Compatible Processing of S.:Er for ^ 
'optoe^ct%nrcs,' MRS Spring Meeting, San Francsco, CA 
301 87(1993). 

^ „ ■ ,1 „^ ni n i/-ir-nh';on J M Poote, and L. C. Kimerling, 

■ ^•T.l^p'Tj.cs oS. rppHcorSi ?i:E?,i?'5gMl?;;ming Diodes. Mo,eno,s Sc,^^^ 
Forum Vol. 143-147 707 (1994) 

3?6 493 (1994). 
NJ, 1994) p. 486. 

(1994). 

M M-cnnd J Michel A J Reddy, L.C. Kimerling, "Monitoring and Optimization of 
Silico'surface Q^^^^^^^^^^ of the 3rd lntemaf,onal Symposium on 



174. 
175. 

176. 



printed: 02/23/04 

PC-0/Kim/Kpublications/!publlist.doc 
mlb 



15 



Cleaning-Technology in Semiconductor Device Manufacturing. J. Ruzyllo and R. 
E. Novai<, Eds. 94-97, (The Electrochemical Society, Pennington, NJ 1994) p. 505. 

1 77. B. Zheng, J. Michel, F. Y. G. Ren, D. C. Jacobson, J. M. Poate, and L C. Kihnerling, 
"Room Temperature Sharp Line Electroluminescence at □ == 1 .54 pm from an 
Erbium-doped, Silicon Light-emitting Diode," Applied Phys/cs Letters, 64 2842 

(1994). 

1 78 L C. Kimerling, D. M. Koker, B. Zheng, F. Y. G. Ren, and J. Michel, "Erbium-doped 
Silicon for Integrated Optical Interconnects," Proceedings of the 4th Biennial 
Department of Defense Fiber Optics and Photonics Conference ( AFCEA, Fairfax, 
VA, 1994). 

1 79. G. J. Norga. K. A. Black, H. M'saad, J. Michel, and L. C. Kimerling, "Metal 
Adsorption on Silicon Surfaces from Wet Wafer Cleaning Solutions," Proceedings 
of the Second International Symposium on Ultraclean Processing of Silicon 
Surfaces UCPSS '94, Brugge, BELGIUM, 221 (1994). 

1 80. G. J. Norga and L .C. Kimerling, "Metal Removal from Silicon Surfaces in Wet 
Chemical Systems," Journal of Electronic Materials 24 397 (1 995). 

181. G. J. Norga, K. A. Black, H. M'saad, J. Michel, and L .C. Kimerling, "Simulation and 
In-Situ Monitoring of Metallic Contamination and Surface Roughening in Wet 
Wafer Cleaning Solutions," Materials Science and Technology 11 90 (1 995). 

182 j. MichelandL.C. Kimerling, "Electrical Properties of Oxygen in Silicon,"in 
Semiconductors and Semimetals Vol. 42 F. Shimura Ed. (Academic Press, 
Orlando, FL, 1994) p. 251. 

183 L C. Kimerling, J.Michel, H. M'saad, and G.J. Norga, "Microdefeet Analysis of 
Silicon: Tools and Strategies," in Semiconductor Chara cterization: Present Status 
nnd Future Needs . W. M. Bullis, D. G. Seiler, and A C. Diebold, Eds. (AlP Press, 
Woodbury, NY, 1995) pp.97-1 02. 

1 84. J. Michel, M. R Block, G. J. Norga, K. A. Black, H. M'saad, and L. C. Kimerling, "In - 
Situ Wafer Contanmination Detection through RF-PCD Measurements," 
Proceedings of the SPIE Conference on Microelectronic Manufacturing. Austin, 
TX, 2638 256 (1995). 

185. J. Palm and L. C. Kimerling, "Defect? and Future Silicon Technology," 
Proceedings of the MRS Spring Meeting. San Francisco, CA, 378 547 ( 1 995) 
INVITED 

186. J. Palm and L. C. Kimerling, "Nonradiative Energy Back Transfer from Erbium in 
Silicon by Impurity Auger Process," SPIE Proceedings Series 2706 .31 ( 1 995) . 

187. S. Zhao, L.V. C. Assali, and L. C. Kimerling, "The Structure and Bonding of Iron- 
Acceptor Pairs in Silicon," Maferia/s Science Forum 198 1333 (1995). 



printed; 02/23/04 

PC-O/Kim/Kpublications/! publlist.doc 
mlb 



16 



1 88. J. MicheL J. Palm, F. Gan, F. Y. g: Ren. B. Zheng, S. T. Dunham, and L. C, 

Kimerling, "Erbium in Silicon: A Defect System For Optoelectronic Integrated 
Circuits," Moferiols Science Forum 197 585 (1995). 



189. F. Gan, L. V. C. Assali, and L. G. Kimerling, "Electronic Structure of Erbium Centers 
in Silicon," /^a/erio/s Sc/ence forum 197 579(1995). 

1 90. G. J. Norga, M. R. Black, K. A. Black, H. M'saad, J. Michel, and L C. Kimerling, 
"High Sensitivity Detection of Silicon Surface Reactions By Photoconductance 
Decay," Maferia/s Sc/ence Forum 199 1531 (1995). 

191. K. Wada, H. Nakashima, and L. C. Kimerling, "Reactivation of Si Donors and Zn 
Acceptors in Plasma-Irradiated GaAs by Reverse Bias Annealing," Materials 
Sc/ence Forum Vols. 197 1401 (1995). 

1 92. G. J. Norga, K, A. Black, M. R. Black, J. Michel, and L. C. Kimerling, "In-Line 
Monitoring of Wet Cleaning Processes Using Radio Frequency 
Photoconductance Decay," Proceedings of the 4th International Symposium on 
Cleaning Technology in Semiconductor Device Manufacturing. Chicago, Illinois, 
158(1995). 

193. J. Foresi, M. R. Black, A. M. Agarvs/al, L. C. Kimerling, "Polysilicon Waveguides for 
Optoelectronic Integrated Circuits," Proceedings of the MRS Fall Meeting, 
Boston, MA, 403 327(1996). 

194. L. Chaifoun, G. Norga, S. Zhao, L. C. Kimerling, "In-Line Materials Quality Monitor 
for Crystalline Silicon Solar Cell Fabrication," Proceedings of the 13th NREL 
Phofovo/ta/cs Program Rev/ew, 353 535(1996). 

195. J. Palm, F. Gan, B. Zheng, J. Michel, and L. C. Kimerling, "On the 
Electroluminescence of Erbium Doped Silicon," Physical Review Bulletin, 54 (24) 
603(1996). 

196. J. Michel, B. Zheng, J. Palm, E. Ouellette, F. Gan, and L.C. Kimerling, "Erbium- 
Doped Silicon for Light Emitting Devices, "Proceed/ngs of the MRS Spring Meeting, 
San Francisco, CA 422 317(1996). 

197. M. Morse, B. Zheng, J. Palm, X. Duan, L.C. Kimerling, "Properties of Ion- Implanted 
and UHV-CVD Grown Si:Er," Proceedings of the MRS Spring Meeting, Son 
Francisco, C A 422 41 ( 1 996), 

198. A. Agarwal, K.A. Black, J. Foresi, L. Lioo, X. Duan, L.C. Kimerling, "Low-Loss 
Polycr/stqiline Silicon Waveguides for Silicon Photonic," Journal of Applied 
Phys/cs, 80 (11) 6120(1996) 

199. J. Foresi, M.R. Black, A. Agarwol, L.C. Kimerling, "Losses in Polycrystalline Silicon 
Waveguides," Applied Physics Letters, 68 (1 5) 2052(1 996) 



printed: 02/23/04 

PC-O/KinrVKpublications/! publlist.doc 
mlb 



17 



200. G.J. Norga, K.A. Black, J. Michel, LC. Kimerling, "Impact of Gold and Copper on 
the Recombination Activity of a Hydrogen Terminated Silicon Surface, in 
''Proceedings of the Third Intl Symposium UCPSS '96, Antwerp, BELGIUM, 1 35 
(1996) 

201 . I.e. Kimerling, "Silicon for Photonics," Proceedings of the l'^'^ fnternational 
Symposium on ''Advanced Science and Technology of Silicon Maferia/s/'Kona, 
HI, 540(1996). INVITED 

202. S. Ahn, S. Zhao, A.L. Smith. L.L. Chalfoun, M. Platero, H. Nakashima, L.C. Kimerling, 
"Gettering of Fe by Aluminum in P-Type Cz Silicon," Proceedings of the MRS Fall 
Mee//ng, Boston, MA, 442 1.69(1997). 

203. X. Duan, J. Palm, B. Zheng, M. Morse, J. Michel, LC. Kimerling, "Defects in 
Erbium/Oxygen Implanted Silicon," Proceedings of the MRS Fall Meeting. Boston, 
MA, 442 249(1997). 

204. A. Reddy, G.A. Norga, Park, A. Smith, J. Michel, LC. Kimerling, "In-situ Monitoring 
of HF Reprocessing in an Industrial Scale Recirculator Bath," Proceedings of the 
MRS Fa// Meef/ng, Boston, MA, 447 3(1997). 

205. LC. Kimerling, "Silicon for Photonics," Proceedings of the SPfE ''Photonics West'* 
Sympos/um, San Jose, C A 3002 1 92( 1 997) . INVITED 

206. J. Michel, J. Palm, K.D. Kolenbrander, LC. Kimerling, "Light Emission from Silicon," 
Solid State Physics. 50 333(1 997) 

207. S. Ahn, J. Palm, B. Zheng, X. Duan, A. Agarwal, S. Nelson, J. Michel, LC. Kimerling, 
"Electrical Study of Crystalline Silicon Coimplanted with Erbium' and Oxygen," 
Proceedings of the SPIE "Photonics West" Sympos/um, San Jose, CA 3007 
144(1997). 

208. L Giovane, L Liao, D. Lim, A. Agarwal, E. Fitzgerald, LC. Kimerling, "Sio.sGeo.s 
relaxed buffer photodetectors and low-loss polycrystalline silicon waveguides for 
integrated optical interconnects at X.= 1 .3vim," Proceedings of the SPIE 'Thotonics 
West" Sympos/um, San Jose, CA 3007 74(1997). 

209. J.S. Foresi, D.R. Lim, L Liao, A.Agarwol, L.C. Kimerling, "Small Radius Bends and 
Large Angle Splitters in SOI Wavelengths," Proceedings of the SPIE "Photonics 
West" Symposium. Son Jose, C A 3007 112(1 997) . 

210. J. Michel, A.J. Reddy, G.J. Norga, M. Platero, L.C. Kimerling, "In-Situ Determination 
of Si Wafer Contamination Using Photoconductance Decay Measurements," 
Journal of the Electrochemical Society PV 97-12 58( 1 997) INVITED 



printed: 02/23/04 

PC-O/KirrVKpubiications/! publlist.doc 
mlb 



18 



211. L.C. Kimerling/ "Design: The New Materials Challenge for Silicon ULSL" 
Proceedings of the GADEST '97 Conference in Solid Stofe Plienomena. 57-58 
1(1 997) .INVITED 

212. A.J. Reddy, T. Burr, J.K. Chan, G.J. Norga, J. Michel, L.C. Kimerling, "Silicon 
Surface Defects: The Roles of Passivation and Surface Contamination," 
Moferiols Science Forum. 258-263 1719 (1997). 

213. S. Zhao, A.L. Smith, S.H. Ahn, G.J. Norga, M.T. Platero, H. Nakashima, L.V.C. Assati, 
J. Michel, L.C. Kimerling, "Iron in p-Type Silicon: A Comprehensive Model," 
Maferiols Science Forum, 258-263 429 (1997). 

214. J.Michel, J. Palm, T. Chen, X. Duan, E. Ouellette, S.H. Ahn, S.F. Nelson, L.C. 
Kimerling, "Energy Transfer Processes of Erbium Ions in Silicon," Moferiols Science 
Forum, 258-263 1485(1997), 

21 5. J.S. Foresi, P.R. Villeneuve, J. Ferrera, E.R. Thoen, G. Steinmeyer, S. Fan, J.D. 
Joannopoulos, L.C. Kimerling, H.L Smith, E.P. Ippen, "Measurement of Cavity 
Resonance in a PBG Waveguide Microcavity at a Wavelength of 1 .564|jm," 
Proceedings CLEO/the Pacific Rim Conference on Lasers and Electro-optics. 
Chiba, JAPAN, 102(1997). 

21 6. C.H. Fine, L.C. Kimerling, "Biography of a Killer Technology: Optoelectronics Drives 
Industrial Growth v/ith the Speed of Light," in OIDA Future Vision Proorom, July . 

1 997 (Optoelectronics Industry Development Association, Washington, D.C., 1997) 
pp. 1-22. 

217. GJ. Norga, M. Platero, K.A. Black, A.J. Reddy, J. Michel, LC. Kimerling, 
"Mechanism of Copper Deposition on Silicon from Dilute Hydrofluoric Acid 
Solution,"Jouma/of me E/ecfrochem/ca/Soc/efy, 144(8) 2801(1997). . 

218. J.S. Foresi, P.R. Villeneuve, J. Ferrera, E.R. Thoen, G. Steinmeyer, S. Fan, J.D. 
Joannopoulos, LC. Kimerling, H.I. Smith & E.P.Ippen, "Photonic Bandgap 
Microcavities in Optical Waveguides," Nature, 390 143(November 13,1997). 

219. L.C. Kimerling, "Trends in Silicon Photonics/'Proceed/ngs of The Symposium for the 
20^^ Anniversary of the 145^^ Committee on Processing and Characterization of 
Crystals of the Japanese Society for the Promotion of Science. Tokyo, Japan, 
42(1997). INVITED 

220. S. Zhao, L.C. Kimerling, "Defect Reactions Induced by Reactive Ion Etching," 
Proceedings of the MRS 1997 Fall Meeting, Boston, MA, 490 123(1998). 

221 . L.M. Giovane, D.R. Lim, S.H. Ahn, T.D. Chen, J.S. Foresi, L. Liao, E.J.Oulette, A.M. 
Agarwal, X. Duan, J. Michel, A. Thilderkvist, L.C. Kimerling, "Materials For 
Monolithic Silicon Microphotonics," Proceedings of the MRS 1997 Fall Meeting. 
Boston, MA, 486 45(1998). 



printed: 02/23/04 

PC-O/Ki rrVKpub) ications/! pu bliist.doc 
mlb 



19 



222 S Zhao, A.M. Agarwal, J.L. Benton, G.H. Gilmer, LC. Kihnerling, "Interstitial Defect 
Reactions in Silicon," Proceedings of the MRS 1997 Foil Meeting, Boston, MA, 442 ' 
231(1998). . 

223. T. Chen; A.M. Agarwal, L.M. Giovane, J.S. Foresi, L. Liao, D.R. Linn, M.T. 

Morse, E.J. Ouellette, S.H. Ahn, X. Duan, J. Michel, L.C. Kimerling,:"Light-Emitting 
Diodes: Research, Manufacturing, and Applications II," Proceedings of the SPIE 
"Phofon/cs Wesf" Sympos/um, San Jose, CA, 3279 136(1998). 

224. J. Michel, LV.C. Assali, M.T. Morse, L.C. Kimerling, "Erbium in Silicon," Chapter 4, 
Lioht Emission in Silicon: From Phvsics to Devices . David J. Loci<wood Ed: (Vol. 49 
nf .Sf^miconductors and Semimetals l (Academic Press, San Diego, CA, 1998) pp. 
111-156. 

225. E.A. Fitzgerald, LC. Kirnerling, "Silicon-Based Microphotonics and Integrated 
Optoelectronics," MRS Bu//et/a 23(4) 39(1998). 

226. B.E. Little, J.S. Foresi, G. Steinmeyer, E.R. Thoen, S.T: Chu, H.A. Haus, E.P. Ippen, L.C. 
Kimerling, W. Greene, "Ultra-Compact Si-Si02 Microring Resonator Optical 
Channel Dropping Filters," /E£E Phofon/cs Techno/ogyLefters, 10(4) 549(1998). 

227. A.L. Smith, S.H. Ahn, LC. Kimerling, "A Gettering Simulator: Polished Wafers and 
p/p++ Epilayers," Proceedings of fhe Eigt^th International Symposium on Silicon 
Materials Science and Tectinolbgy ECS, San Diego, CA, in Semiconductor 
Silicon/1998, 98-1 (The Electrochemical Society, 1 998) p.360. 

228. B.E. Little, H.A. Haus, J.S. Foresi, LC. Kimerling, E.P. Ippen, D.J; Ripin, "Wavelength 
Switching and Routing Using Absorption and Resonance," /EEE Phofon/cs 

Techno/ogy Leffers, 10(6) 816(1998). 

229. G.J Norga, M. Platero, K.A. Black, A.J. Reddy, J. Michel, L.C. Kimerling, "Detection 
of Metallic Contaminants on Silicon by Surface Sensitive Minority Carrier Lifetime 
Measurements," Journal of fhe Electroctiemical Society 1 45(7) 2602 ( 1 998) . 

230. K. Wada, H. Ago, K. Mitani, T. Abe, M. Suezawa, and L.C. Kimerling, "A New 
Approach of Photonic Bandgap Formation: Wafer Bonding and Delamination 
Technique," Proceedings of the 1 998 International Conference on Solid State 
Dev/ces and Maferio/s, Hiroshima, JAPAN, 30 382(1998). 

231 : L.C. Kimerling, "The Economics of Science: From Photons to Products," 
Optics & Photonics News, 9 ( 1 0) 19(October 1 998). 

232. B. Little, H. Haus, E. Ippen, G. Steinmeyer, and E. Thoen, "Microresonators for 
Integrated Optical Devices," Optics & Photonics News, (1 2) 32 (October 1 998). 

233. B. Little, S.T. Chu, H. Haus, J. Foresi, J.P. Laine, "Microring Resonator Channel Dropping 
Filters", Journal of Lightwave Technology, 15 (6) 998(June 1 997). 



printed: 02/23/04 

PC-0/KinVKpublications/!pubIlist.doc 
mlb 



20 



234. 



. 235. 



Proceedings of the 3'<^ international Symposiunn. ECS, (99) 215 (199V). 
Letters, 17 (35) 1467 (1999). 



236. (n/a) 



238. 

239, 



SSoN quantum wells" Materiols Science * Engineenng B |59) 298 (1999). 
\: wado, LC Kimerling, "Si-LSh and micropho.onics" Oyd Buturi 68 (9] 1 034 

(1999). . 

535 (1998). 

, ..<:iiiron Materials for the Next Millenium" Proceedings of the 8'^ 
~tfon^Aut«^^^^^^^ 

SemTcdnductor Technology, eds. H.G. Gnmme.ss, et al, (Zurich. Sc.tec 
Publications, 1999), p.l 31. 

SSd^a^d^-^^^^^^^^ 
Digest, IEEE, New York 108 (1999). 

Electrochem/co/ Society Proceedings Senas, ECS Conference, ^ 

(1999) . 

densities" App//ed Phy/cs Letters , 75 (19) 2909 (I9yy). 

L.C. Kimerling, "Silicon Microphofonics", Applied Surface Science, 159-UO 8 

(2000) . 

Applied Physics Letters, 75 (24) 3805 (1999). 



241. 
242. 

243. 

244. 
245. 



printed: 02/23/04 

PC-0/KlnVKpublications/!pubIlist.doc 



.21 



246 J. Michel, LC. Kimerling, V.V. Emtsev, V.V. Emstev, Jr., D.S. Poloskin, E.I. Shek, N.A. 
Sobolev, "Oxygen and erbium related donor centers in Czochralski grown silicon 
implanted with erbium" Sem/conductors, 33 (10) 1084 (1999). . . 

247 H.-C. Luan, D.R. Lim, L. Coloce, G. Masini, G. Assanto, K. Woda, L.C. Kimerling, 
"Germanium photodetectors for silicon microphotonics by direct epitaxy on 
silicon" Materials Research Society Symposium Proceedings Series, 607 (2000). 

248. A.L. Smith, S.T. Dunham, L.C. Kimerling, "Transition metal defect behavior and Si 
Density of States in the processing temperature regime" ICDS-20. Berkeley, 
Phys/ca 6 273-274, 358 (1999). 

249 A J Reddy J V Chan, T.A. Burr, R. Mo, CP. Wade, C.E.D. Chidsey; J. Michel, L.C. 
Kimerling, "Defect states at silicon surfaces" ICDS-20, Berkeley, Physica B 273-274 
468 (1999). 

250. T.D. Chen, M. Piatero, M. Opher-Lipson, J. Palm, J. Michel, L.C. Kimerling, "The 
temperature dependence of radiative and nonradiative processes at Er-O 
centers in Si" ICDS-20, Berkeley Physica 8 273-274 (10) 322 (1999). • 

251 L. Colace, G. Masini, G. Assanto, H.C. Luan, K. Wada, and L.C. Kimerling, "Efficient 
high-speed near-infrared Ge photodetectors integrated on Si substrates" 
App//edPhys/csLetfers, 76(10) 1231 (2000). 

252. K.K. Lee, D.R. Lim, A. Agarwal, D. Ripin, H.H. Fujimoto, M. Morse, L.C. Kimerling, 

"Perforrriance of polycrystalline silicon waveguide devices for compact on-chip 
optical interconnection". Proceedings of Spie - the International Society for 
Optical Engineering. 3847 120 (1999). 

253 A L Smith, K. Wada, L.C. Kimerling, "Modeling of Transition Metal Redistribution to 
Enable Wafer Design for Gettering" Journal of the Electrochemical Society, 147 
(3) 1154-1160(2000). 

254. G. Masini, L. Colace, G. Assanto, H.-C. Luan, K. Wada, L.C. Kimerling, "Ge-on-Si 
high responsivity near-infrared photodetectors," Proceedings of Spie - the 
International Society for Optical Engineering. 3953 103 (2000). 

255 KM Chen, X.P. Jiang, L.C. Kimerling, P.T. Hammond, , "Selective self-organization 
of colloids on patterned, polyelectrolyte templates" Langmu/r 16 (20) 7825 (2000). 

256. M. Lipson, T.D. Chen, D.R. Lim, A. Luan, A. Agarwal, J. Michel, K. Wqda, L.C. 

Kimerling, "Er3* -photon interaction" Jourr)al of Lumir)escence 87-89 323 (2000). 

257 L.C. Kimerling, "Photons to the Rescue: Microelectronics becomes 
Microphotonics" Interface, 9 (2) 28 (2000). 

258. A.J. Reddy, J. Michel, B. Parekh, J.-H. Shyu, and L.C. Kimerling, "In-Situ detection 
of trace levels of copper in hydrofluoric acid" Journal of the Electrochemical 
Society, 147 (6) 2337 (2000). 



printed: 02/23^4 

PC-0/KrrTVKpubllcaUon5/!publlist.doc 
mlb 



22 



259. K.K. Lee, D.R. Lim, H-C. Luan, A. AgarwaL J. Foresi, and LC. Kimerling, "The effect 
of size and roughness on light transmission in a Si/Si02 waveguide: experiments 
and model" Applied Physics Letters, in press (9.1 1 .2000). 

260. L.C. Kimerling, "Silicon Microphotonics: The Next Platform for the Information 
Age". Proceedings of the 3'^ International Symposium on Advanced Science and 
Technologyof Silicon Materials. JSPS; 1 1 .19.2000; Kono, HA : pp. 7-12 (2000). 

261 D.R. Lim, B.E, Little, K.K. Lee, M. Morse, H.H. Fujirtioto, H.A. Haus, L.C. Kimerling, 
"Micron-sized channel dropping filters using silicon waveguide devices" 
Proceedings of Spie - the International Society for Optical Engineering 3847 65-71 

(1999) . 

262. K.K. Lee, D.R. Lim, A. AgarwaL D, Ripin, H.H. Fujimoto, M. Morse, L.C. Kimerling, 
"Performance of polycrystdlline silicon waveguide devices for compact on-chip 
optical interconnection", Proceedings of Spie - the International Society for 
Optical Engineering 3847 1 20-1 25 (1 999). 

263. T.D. Chen, A.M. Agarwal, A. Thilderkvist, J. Michel, L.C. Kimerling, "Erbium-doped 
polycrystalline silicon for light emission at X^] ,54^m'' Journal of Electronic 
Materials, 29 [7) 973 [2000]. 

264. J.-P. Laine, B.E. Little, D.R. Lim, H.C. Tapalian, L.C. Kimerling, H.A. Haus, 
'Microsphere Resonator Mode Characterization by Pedestal Anti-Resonant 
Reflecting Waveguide Coupler' IEEE Photonics Technology Letters, 12 (8) 1004 

(2000) . 

265. K. Wada, F. Shanhui, T.D. Thomas, J.D. Joannopoulos, and L.C. Kimerling, 
"Electronic and photonic bandgap engineering for microcavity resonators" 
Proceedings of the 3'^ International Symposium on Advanced Science and 
Technologyof Silicon Materials. JSPS; 1 1.19.2000 in Kona, HA : J83-C (6) 688 (2000). 

265b. K. Wada, S. Fan, T.D. Chen, J.D. Joannopoulos, and L.C. Kimerling, 

"Electronic and photonic bandgap engineering in microresonators*'. The 
Electronics Society. The Institute of Electronics. Information and Communication 
Engineers, J83-C (9) 797 (2000). 

266. M. Lipson and L.C. Kimerling, "Er^^ in strong light-confining microcavity". Applied 
Physics Letters 77 (8) 1 1 50 (2000) . 

267. H-C. Luan, L. Giovane, L. Colace, G. Masini, G. Assanto, K. Chen, K. Wqda, and 
L.C. Kimerling, "Germanium photodetectors for silicon microphotonics", MRS 
Symposium Proceedings. 637 E5, 6.] [200]). 

268. G. Masini, L. Colace, G. Assanto, H-C. Luan, and L.C. Kimerling, "Germanium on 
silicon pin photodiodes for the near infrared," Electronic Letters 36 (25) 2095 
(2000). 



printed: 02/23/04 

PC-0/Kim/Kpublicattons/!publlist.doc 
mlb 



23 



269 L Giovane, H^C. Luan, A. Agarwal, and L.C. Kimerling, "Correlation between 
leakage current density and threading dislocation density ^iGe p-^n d.odes 
grown on. relaxed graded buffer layers," Applied Physics Leiters 78 (4\ 541 (2001 ). 

270 L Liao D Lim, A.M. Agarwal, X.Duan, K.Lee, L.C. Kimerling, "Optical transmission 
losses in polycrystalline silicon strip waveguides: effects of_^waveguide^ ^ 
dimensions, thermal treatment, hydrogen passivation, and wavelength. Journal 
of Electronic Materials, 29 (]2)\3Q0 {2000). 

271 G Masini, L. Colace, G. Assanto, H-C. Luan, and L.C. Kimerling, "High 
performance p-l-n Si photodetectors for the near infrared: from m^^^ 
demonstration," /£E£ Transact/ons.on E/ecfron Dev/ces, 48 (6) 1 092 (2001 ). 

272 S Zhao, LV.C. Assali, J.F. Justo, G.H. Gilmer, and L.C. Kimerling, "Iron-acceptor 
pairs in silicon: Structure and formation processes," Journal of Applied Pt^ysics, 90 
(6) 2744 (2001 ). 

273 X Duan K. Chen, S. Saini, M. Lipson, J. Michel, L.C. Kimerling, "Effect of. 

■ c'rystollization on photoluminescence of Er203 thin films," MRS Symposium 
Proceedings, 69A (2001). 

274 N Toyoda, K.K. Lee, H.-C. Luan, D.R. Lim, A. Agarwal, K. Wada, L.C. Kimerling, L.P. 
Allen D B Fenner, A.R. Kirkpatrick, "Surface smoothing of polycrystalline Si ^ 
waveguides with gas-cluster ion beams," MRS Symposium Proceedings, 597 51 
(2001). 

275 J A Greer, D.B. Fenner, J. Hautalo, L.P. Allen, V. DiFilippo, N. Toyoda, I. Yamada, J. 
Matsuo, E. Minami, H. Katsumata, "Etching, smoothing, and deposition with gas- 
cluster ion beam technology," Surface and Coatings Tect^nology, 133 273 (2000). 

276 D B Fenner, R.p' Torti, L.P. Allen, N. Toyoda, A.R. Kirkpatrick, J.A; Greer, V. DiFilippo, 
J. Hautala, "Etching and surface smoothing with gas-cluster ion beams, 

Sympos/um Proceed/ngs, 585 27 (2001). 

277 L C Kimerling, "Microphotonics: the next platform for the Information Age," Proceedings 
of Commemorative International Symposium: New Frontier 

Devices, Osaka Electro-Communication University, Osaka, Japan, 1/2 23 (ZOUi). 

278 K K Lee D R. Lim, L.C. Kimerling, "Fabrication of ultralow-loss Si/SiOz waveguides by 
roughness reduction," C!c>f7C5Z.erte/s, 26 (23) 1888 (2001). 

279 A J Reddy J. Michel, L.C. Kimerling, "Oberseivation of two coupled defect levels on the 
hydrogen-passivated Si (ICQ) surface," Pliysica B 308-310 228-231 (2001). 

280 Y Yi P Bermel, K.Wada, X. Duan, JD Joannopoulos, and LC Kimerling, 'Low Voltage 
Tunable One Dimensional Photonic Crystal With Large Air Defects', Proceedings 

ofMaterial Research Sodety, Vol.722, L3.3 (2002). 



printed: 02/23/04 

PCOKIm/Kpublications/lpublllsl.doc 
mlb 



24 



281. 



282. 



L C Kimerling, "Microphotonics: the next platform for the Informaton Age m 
^/^•^^'^^^^^^^ .nd Integration.. eds. M. Ferrari, L. Pavesi, G.C R.gh.n. 

tol^ZQuadernf di Ottica e Fotonica (Centro E ditoriale Toscano 2002 F.renze) pp. 1-20. 

J. Michel, "Microphotor.ics, Building ^^e Next Platform for t^^^^^^^^^ Age", 
Proc. Symposium on Nano-Device Technology 2002, p. 2 (2002). 

-yp,-, X Duan S Saini K. Chen. J. Michel, and LC. Kinnerling, "Phase transformation 
and photolum^escence," MRS 2002. Boston: Symposium M. resuDmitting io 
SSfereni publication as MRS proceedings deadline was missed 

984 Y Yi P Bermel K Wada;X.Duan, J. Joannopoulos, and L Kimerling, -Tunable 
mn tirhannefop ical filter based oh silicon photonic band gap materials 
actuS^onTnvS Pape^ in V/rtua/ Journal of Nanosco/e Science & Technology. 
81 (22)4112(2002). 

9RS Y Yi P Bermel K Wada. X. Duan, J. Joannopoulos, and L. Kimerling Tunable 
multicharetoptica. filter based on ^licon gap materials 

actuation', AppWed Physics Letters. ST (22) 41 1 2 (2002). 

LC Kimerlinq "Silicon Microphotonics: the Next Killer Technology/' injowardstt^^^^^^ 
siHconTaSeds. L. Pavesi, et al., Kluwer Academic Publishers, 2003, pp. 465-476. 
(OASIS/TRENTO) 

287. Milos Popovic, K. Wada, S. Aklyama, HA. Ha"s,^and^_MK:hel,^^^^^^ Trenches for Sharp 
Silica Waveguide Bends" J. Lightwave Technol. 20, 1762 (2002). 

TinSgratedpJtonlcs. Research, OSA technical Digest, Pos^^^^^^ Edition 
(Optical Sodety of America, Washington DC, 2002), pp. IFG3-1-IFG3-3. 

Y ishikawa K. Wada, D.D. Cannon, 3. Liu, H-C. Luan, L.C. Kimerling, ';Strain-induced 
Band Gap Shrinkage in Ge Grown on Si Substrate, "Applied Physics Letters, 82 (13) 2044 
(2003). 

D. cannon, S. Jongthammanurak, J ^iu DT. Danielson, K. W^^^^^ 
Kimerling, "Near-infrared Ge Photodetectors Fabricated on S' Substrates with CNUi* 
Technology," Proceedings of Material Research Soaety, Vol.770, 1.3 (2003). 

1 r Kimerlina "Silicon Microphotonics," in. Tnterronnect Techno log y and Design for 
i;£;St£ar^S; 3. Davis and J.D. Miendl, Eds. (Kluwer Academic Publishers, 
Boston, 2003) p. 383. 



290. 



291. 



292. 



printed: 02/23/04 

PC-O/KI m/Kpu blicati ons/l publll st.doc 
mlb 



25 



293 L V.C. Assalli, F. Gan, L.C. Kimerling, J.F. Justo, "Electronic structure of light emitting 
centers in Er doped Si," /lp/7//ei/ ^/7/5/c5 A 76 991 (2003). 



printed: 02/23/04 

PC-O/KinrVKpublications/lpubllist.doc 
mlb 



24% effScient silicon solar cells 
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Significant improvements in silicon solar cell performance are reported using an improved 
high-eficiency sUicon solar cell structure. This structure overcomes deficiencies in an 
earlier structure by locally diffusing boron into contact areas at the rear of the cells. 
Terrestrial energy conversion efficiencies up to 24% are reported for silicon cells for the first 
time. Air Mass 0 efficiencies lie in the 20-21% range, the first silicon cells to exceed 
20% efficiency under space illumination. 



Passivated emitter and rear cells (PERC cells) ^'^ have 
recently demonstrated energy conversion efficiency up to 
23.2% under standard terrestrial test conditions (Air Mass 
i.5 global radiation, ASTM E892 spectrum, 25 **C). These 
PERC ceils have very high open-circuit voltage ( V^) and 
short-circuit current density (Jsc) due to very low recom- 
bination rates in the bulk and at front and rear surfaces.^ 
The rear ohmic contact areas, formed by intimate 
aluminum-siUcon contact, are the only areas left unpa^i- 
vated. The effect of recombination in these areas is mini- 
mized by separating these contact areas by a distance much 
larger than the thickness of the silicon substrate. The dis- 
advantage of this large separation is that PERC cells have 
relatively low fiD factors due to lateral resistance loss in the 
substrate The aluminum-silicon contact not only has a 
high contact resistance, but also has noticeable rectifying 
properties when the substrate resistivity becomes higher 
than 0.5 fl cm. This further constrains cell design. 

All above disadvantages are eliminated in the passi- 
vated emitter, rear locally diffused (PERL) cell structure 
shown in Fig. 1. The main difference from the earlier 
PERC cell is the local diffusion of boron in rear contact 
areas. This reduces the effective recombination rate at the 
rear contacts by suppressing minority-carrier concentra- 
tions in these regions. Hence, it is possible to reduce the 
spacing of the rear contact points to decrease the cell lat- 
eral series resistance, giving much higher fill factors. The 
reduced recombination rates at the rear contact also im- 
prove both Foe and as well as allowing substrates of 
resistivity above 0.5 SI cm to be used. 

Although the potential advantages of diffusing these 
contact regions have been known for some time, the diffi- 
culty has been to find conditions which allow boron diffu- 
sion without lowering the exceptionally high bulk carrier 
lifetimes demonstrated in PERC cells. Initial boron diffu- 
sion experiments using "solid-source" or "spin-on" dopant 
sources'* showed a large decrease of the carrier lifetime 
after boron diffusion. Cells displayed both lower and 
This led to the investigation of BBrj liquid dopant 
source. The advantage of this liquid source is that it is 
compatible with the trichlorbethane (TCA) based process- 
ing which was an important contributor to the high per- 
formance of the earlier PERC cells.' 

To investigate lifetime degradation during diffusion 

ftno Arv>i Phvfi. Lett. 57 (6). 6 AuQUSt 1990 



from BBr3 liquid source, 100 SI cm, 280-/im-thick, double- 
side polished, float zone wafers were boron diffused over 
the entire front and rear surfaces under different diffusion 
conditions. They were then dipped in HF. A microwave 
based, conductivity decay lifetime tester^ was used to mea- 
sure carrier lifetime. The measured lifetime is actually an 
effective lifetime which includes recombination effects in 
the bulk and at the surfaces. The HF dip prior to testing 
reproducibly lowers the surface recombination 
component.^ Such measurements showed that it was pos- 
sible to obtain high effective carrier lifetimes (greater than 

1 ms) under a range of diffusion conditions using the liquid 
BBr3 source. 

In actual cells, diffusing boron only into the localized 
contact regions as shown in Fig. 1 decreases recombination 
in these diffused regions. The boron dopant sheet resistivity 
for PERL cells was relatively low at around 20 ft/D to 
passivate the rear metal-silicon contact,' Boron was depos- 
ited at 900 "C for 15 min followed by drive-in at 1070 *C for 

2 h. Other processing conditions were similar to those re- 
ported elsewhere. ^"^ 

The new PERL cells have been fabricated on sub- 
strates of 0.5-100 il cm resistivity. The rear conuct spac- 
ing was decreased to the 2 50-500 /xm range rather than the 
2 mm spacing of earlier PERC cells.^ The locally diffused 
regions at the rear had a diameter of 30-100 ^m. The metal 
contact windows with diameters of 10-50 /xm were aligned 




TABLE I. Output parameters of high performance 4 cm^ PERL silicon 
solar cell as measured by Sandia National Laboratories at 25 'C AMl.5 
measurements arc relative to NASA calibrated reference cell Y49 under 
the ASTM E892 Global AM 1.5 spectrum (100 mW/cm^). AMD mea- 
surements of V« are relative to NASA aircraft-calibrated PERC cell 
A142R, with y^, and fill factor adjusted from the AMl.5 data using 
dependences measured for previous cells of this type. A solar constant of 
137.2 mW/cm^ was used in the efficiency calculation, giving a more con- 
servative result than alternative values of 136.7 and 135.3 mW/cm some- 
times used for such calculations. 
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to the center of these diffused areas. The closer spacing of 
the contact points greatly decreased the bulk resistance of 
the cell. 

Gelis fabricated with the improved boron diffusion 
conditions on both 0.5 and 2 (I cm substrates have dem- 
onstrated energy conversion efficiency in the 23-24% 
range under standard terrestrial test conditions (Global 
AMl.5, ASTM E892 spectrum, 25 ^C), as independently 
measured at both Sandia National Laboratories and the 
Solar Energy Research Institute. The output parameters of 
the highest efficiency device fabricated to data are shown in 
Table L The measured efficiency of 24.2% is much higher 
than the highest previously reported for a silicon cell under 
these conditions of 23.2%.^ Under AMO radiation, effi- 
ciency in the 20-21% range has been measured at both the 
above laboratories and at NASA-Lewis Research Center. 
These are the first siiicon cells to exceed 20% efficiency 
under AMO testing. Jsc above 49 mA/cm^ is measured for 
0.5 ft cm substrates under this spectrum, with values above 
50 mA/cm^ demonstrated by the 2 ft cm substrates. 

The main contributor to this exceptionally high J^ is 
the high internal quantum efficiency of these cells. For the 
2 n cm substrates, virtually every photon absorbed in sil- 
icon by electron-hole pair generation contributes to J^c- 
This is demonstrated in Fig. 2 which shows the experimen- 
tal internal quantum efficiency of the cell of Table I, to- 
gether with the hemispherical reflection from this cell (the 
latter includes reflection from the top contact fingers). The 
measured internal quantum efficiency is 100%, to measure- 
ment accuracy, from 350 to 1050 nm. At longer wave- 
lengths this efficiency decreases. The decrease is attributed 
to those photon absorption processes that compete directly 
with electron-hole pair generation for weakly absorbed 
photons. For the present cells, the most important of these 
is absorption in the rear metal reflector, although free- 
carrier absorption in the silicon is a more fundamental 
process of this type. 

Also shown in Fig. 2 is the calculated internal quan- 
tum efficiency approximated by 

Q^'a^af,^ (l-i2)/(2*W^*PL) 

at wavelengths where a, the absorption coefficient of un- 
dbped silicon (e.g., Appendix C of Ref 7), is small. Cfc is 




Wavelength/um 

FIG. 2. Internal quantum efficiency and hemispherical reflectance (in- 
cluding that from metal fingers) for a high' pcrfomiance PERL silicon 
solar cell. Also shown as dashed lines are Uie results from theoretical 
calculations of the internal quantum efficiency for the different reftectiv- 
ities of the cell rear surface indicated. 

the free-carrier absorption coefficient. It has components 
from both the bulk of the cell and from the diffused re- 
gions. Its value can be estimated from the results of 
Schmid* as 3X 10*'*^AVcm"\ where A is wavelength in 
fim and c" is the average doping level in the cell in cm~^. 
For the present cells, T was estimated as 1.7X lO'* cm~^. 
This is over twice the substrate doping level since this value 
is augmented by the higher carrier concentrations in the 
diffused regions. PL is a path-length enhancement factor 
which takes into account the oblique passage of light across 
the wafer. A value of 1.35 was assigned in the present 
calculations [l/cos(45.5*')]. The angle of corresponds 
to the most important initial double passage across the 
wafer, although different angles would apply for subse- 
quent passes. 

This analysis suggests that the main mechanism for 
improving the internal quantum efficiency of the ceil is to 
improve the rear surface reflectivity, J!, which presently 
appears to be about 97%, Ultimately, this efficiency will be 
limited by free-carrier absorption, at least at cell operating 
voltages.^ The external quantum efficiency also depends on 
the reflection from the cellj which approaches a value of 
67% at long wavelengths. Ray tracing shows that most of 
the light reflected at these wavelengths arises from light 
escaping after one "double pass" across the cell.^ 

Improving the cell's light-trapping scheme by incorpo- 
rating pyramids on both top and rear surfaces^ or by tilting 
the top surface pyramids^^ would decrease this reflection. 
The latter is the preferred option since the former would 
involve multiple bounces of light on some rear reflections, 
reducing the effective rear reflectivity and hence the inter- 
nal quantum efficiency (Fig. 2). 

The most direct route to improvement of the present 
devices, however, lies in reducing resistive lasses in the cell 
to increase cell fill factor. Fill factors in the 83-84% range 
appear feasible. Numerical values for the limiting of 
silicon cells are still uncertain.' It appears as if values as 
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high as 740 mV should be feasible in thinned cells, without 
appreciable loss in J^. Silicon cell efficiency of 26% there- 
fore appears attainable. 
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Priitinn The Fraunhofer iSE PV-Charts are a 

tailion compilation of certified solar cell data 

measured at the Fraunhofer ISE 
PV Calibration Laboratory. Not only 
world record cells are included in this 
list. It is rather intended to give a sur- 
vey of the state of the art that is re- 
ached at various research- or industrial 
laboratories/ production lines. There- 
fore, high efficiency cells, but also 
emerging technologies - even of lower 
efficiency - will be listed, if they are of 
general interest. 



INTRODUCTION 

Continously, many new cells based on new 
materials or technological concepts are pre- 
sented by both industry and research institutes. 
Efficiency and power are important factors for 
the assessment of these solar cells. 
The Fraunhof er ISE PV Charts intend to give a 
survey of the state of the art that is reached at 
various research - or industrial laboratories and 
production lines. This service to the PV com- 
munity combines easy.comparability of new 
achievements and high precision. 

STRUCTURE OF THE FRAUNHOFER ISE PV- 
CHARTS 

The Fraunhofer ISE PV-Charts have been intro- 
duced at the IEEE PVSC, 1993, and the EC 
PVSEC, 1994. 

They are open - everybody can provide samples 
and measurements are free of charge if the 
agreement for publication is given. 
All samples have been provided directly by the 
corresponding laboratories. After the meas- 
urements have been communicated, these 
laboratories have given their agreement for 
publication. 

The Fraunhofer ISE PV Charts are also available 
on the World Wide Web at the URL http:// 
www. ise. fhg. de/kallab/Welcome.html. 
High precision measurements are an important 
prerequisite for device assessment. Even at an 
uncertainty level of only 2% (relative), the 'true' 
efficiency of a high efficiency cell of 24% will 
be anywhere between 23.5% and 24.5%. Of- 
ten, the gain in efficiency as compared to pre- 
vious results may be close to the measurement 
uncertainty rendering high precision measure- 
ments important for assessment. 
Frequent interlab measurement intercompari- 
sons have been used to testify the high meas- 
urement quality of the Fraunhofer ISE PV cali- 
bration laboratory. 



HOW TO READ THE ISE PV CHARTS 

The Fraunhofer ISE PV - Charts are divided into 
sections corresponding to important material 
groups - such as silicon (mono and multicrys- 
talline), lli-V materials (such as gallium- 
arsenide) and other single junction cells (such 
as the thin film materials amorphous sili- 
con/germanium, cadmium telluride, copper 
indium diselenide). Two more sections repre- 
sent specialised applications and cell design 
methods, such as concentrator solar cells and 
multijunction solar cells. 

For each terrestrial solar cell we quote the effi- 
ciency at standard conditions (STC: irradiance 
1000 W/m^, cell test temperature 25*C; light 
spectrum AM 1 .5 global). Data for concentra- 
tor cells deviate from this general rule in that 
efficiences are quoted for operation at the 
spectrum AM 1.5 direct, data for space solar 
cells are given for an irradiance of 1367 W/m 
with a spectral distribution with respect to AM 
0 WRL . Next to the efficiency, the measure- 
ment uncertainty U95 is given. With 95% con- 
fidence level, the cell's efficiency can be found 
in the interval ti± U95. 

In addition to efficiency, the cell area (A, in 
cm^) is an important factor: Large area solar 
cells tend to show lower efficiencies than small 
area cells of corresponding technology. Labora- 
tory cells (denoted as L) usually are the best of 
a small quantity of cells, produced in equip- 
ment optimised to obtain highest efficiencies. 
Production cells (denoted as P) will also origi- 
nate from the upper end of the mianufacturers 
efficiency distribution. Nevertheless, the manu- 
facturer will be able to produce 'similiar' cells in 
'high' quantities. 

The short circuit current density (i5c)#open cir- 
cuit voltage (VJ^fillfactbr (FF) and the date of 
the measurement indicate additional important 
data on the solar cells. 
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with Excellent Interface Properties 
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Sadaji Tfluga, Kanji Uchihashi, MaJoto Tanaka and Seiichi Kiyama 
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ABSTRACT 

The amorpJiDus silicon (a-SiymonocrystalHne 
silicoa (c-Si) Heiercjimction with Intrinsic 
TWn-layer (HIT™) wUff ccU developed by Sanyo 
Electric oflEcn naay ttcellttit ftatnres, including 
high converwon efficiency, a low-cost poteotiaVMdth 
thin 'waftr tliickneiBi and double gurfece power 
generation. We have achieved the new world 
highert converrion cfBdcncy of 21.0% witii a high 
opao ci taut voltage of 7 14 mV in a solar ceU with 
the HH" structure Ihr a laiige area of 100 cm . The 
essence of (hit higji perlonnanea comet from ti»e 
excellent inieAce pwrvaticn *of the a-Si/c-Si 
bettro-intertee* 

l.Introdwcdon 

Since 4e first fiUcon lolar cdl was reported in 
1954p the conversion effidency of c«Si solar cdla 
has Veen dnunatioany iniproved. This is dna naalnly 
to progreas in call design, Si material propertica, 
and processing tedmoloiiiea. The liig^ efficient 
for snmn-aiee Si iolar cdb H 24.7% fix the 
Paasivvtedi Exnitier Rear Locally^difiused (PERL) 
iirncnire loUr cdl by UNSW PI. For a large^w 
Si aolar cell of 100 ta^t a convcrsidn efiBcieney of 
20^2% has been achieved by FhG^ISE p]. These 
solar cella, howev«i^ Tpquire some photo maaking 
processes and high-tcn^eratnre cytUng of tonaoe 
nept, which increase of manu&cturing coata. 

Vfc have developed HIT cell using suitable 
proceaaes fijr mass production. This paper leports 
on die atTDctme, ftamres and interface passivation 
propextiesoftiwHircen. 

2. StmctuTB and efOdency of the HIT cell 

Figure 1 8ltf)WB a schematic diagram of the HIT 
cell. The HIT cell is composed of a textured iwtype 
c^i wafer (solar grade CMi) sandwiched between 
a-Si:H films on illuminated side and i^ 
a-Si:H films as a BSF^adk Sur&ce Field) stmenne 
on tise back side. These films ait deposited by 
plasma CVD. Thtnsparcm conductive oxide (TCO) 
films and Ag collector electrodes are ^rmed on 
bo& doped »-Si:H layers to give the HIT solar cell a 
vertically Byroroetrical structure. Purthennore, the 
HIT cell is fonned at low leii«>crature8, Le^ below 
200*C in every production process. These structural 
and processing features ease diermsl stresis and 



damage, and allow the use of ihin Si wafto^ 
Therefore we can use Si wafta: less flian 200 *im 
thick in mass production^ which is thinner than that 
of conventional pnii diffused solar cells. 



Bi)rpra*^l 




Ekcnsde 



Fig. 1 Schematic diagram of the HTT cell 
struenire. 
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Fig. 2 DhsninatBd I-Y characteristicB of the 
Hit call confirmed by JQA. 



Figure 2 shows the improved I-V charecteristios 
of the HIT cell as confirmed by JQA (Japan (}uBlity 
Assurance organization). We improved our world's 
highest eSidency to 21.0% fay optimizing the ceU 
designs, using a 1 Q cm low-cost aolar grade CZ-Si 
wafer (100 cm^ Here we achieved a high open 
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circuil voltage of 7 14 jnV. While wlar cells with a 
Voc exceeding 710 mV have b«cn reported 
Tireviowly [3,4]. they vat a flat gubmte to increaw 
the Vbc. igooring the current vahie and solar cell 
output The hifiJJ Voc value exceeding 710 mV of 
tbc HIT ceU confinns tiic imjMJrtance of &e junction 
formfltion technology, including intcrfecc 
pasrivation. 

3. pauivatlon pcrfbrnuincc of the HIT ceO 

To directly observe Ae passivation effect of tiie 
iirtringic a-Si layers, we evahiatcd the minority 
carrier lifciimfis of the HTT cells the )i-?CD 
njptbod [5]. Wc made a series of measureroaits on 
more than 30 diferoDt wafer lots. In this c)q)erina^ 
two adjacent wafcra in one pack of a wafer lot were 
selected as a pair, to avoid any deviation in the bulk 
Ufirtinie of fte wafers as much as possible. After 
conducting the nonnal texturing and deaning 
piwcsses on the wafers, one of eAch wafer pair was 
passivated with iodine-mcthaaol, and tibe odicr was 
sent to the a-Si dopositioo process for HIT structure 
febrieatioD. Iodine terroinationi is a coaimon 
technique for measuring the catriar lifetime of o^i 
wafte. 

Figure 3 shows the lifistizne of wafers with the 
HIT stnicnire. Each ttfcthnc data is plotted to tiiat of 
the iodinc-tcmainated c^Si wafer. The HIT stmctore 
waf^ achieved higher carrier lifetimes &an the 
wafers subjected to iodbie passivation, inri i r arm g 
that extremely good surface passivation had 
occurred It has been reported that the pasfft^tioa 
^fSect of iodine passivation exceeds that achieved 
by nirfece passivation with a SiQi fflm using 
thennal oxidation [6]. 
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Fig. 3 Comparisoo of Si wafbr carrier llfeliroes 
tor different passivation processes. The dotted 
line indicates matching for both proceasett. 



From the above results, the HIT cell i« cletttty n 
excellent structure witii respect to surfec* 
passivBtion. We bcUeve that die passivrtion eflfert of 
the HIT cell inchides the carrier separation efiBMTt ftt 
the c-Si/a-Si junction and the passivation effect of 
the o-Si surfecc. 

4.Concluaton 
For the furlher development of the HIT cell, it is 

important to advuice ihe imerfece ^mivition 

properties. 

We have achieved ihe world's hii^iest total are* 
conversion efficiency of 21.6% and a hif^ open 
circuit vohage of 719 mV in the HIT cell (eeD $be; 
100 cm^. In die HIT ceil, excellent aorfhee 
passivation with a-Si:H hiycra contzibutesi ■ fpreiA 
deal to this high perlbrmaace. The cazriv lifbciDsip 
measured by the >i-PCD method turned out ^ be ^ 
effective method. 

We will continue inyesdgsti&g aurfece 
passivation ushig the a-Si'il layer of the HTT cell 
tod will aim at still higher peifor ms u aoe by 
iiQpraving the surface passivation prppcrtlfla. 
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